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The Rbfox proteins are a family of splicing regulators in post-mitotic neurons, predicted 
to be required for control of hundreds of alternative exons in neuronal development.  
However, their contribution to the cellular processes in developing and adult nervous 
system remains unclear and few candidate target exons were experimentally confirmed 
due to functional redundancy of the three Rbfox proteins. In this thesis, I combined 
CRISPR/Cas9 genome engineering with in vitro differentiation of embryonic stem cells 
into spinal motor neurons to unravel the Rbfox regulatory network and to study the 
functional importance of Rbfox-dependent splicing regulation for neuronal maturation. 
Global analysis revealed that neurons lacking Rbfox proteins exhibit developmentally 
immature splicing profile but little change in the gene expression profile. Integrative 
modeling based on splicing changes in Rbfox triple knockout (Rbfox tKO) neurons and 
HITS-CLIP Rbfox binding mapping identified 547 cassette exons directly regulated by 
Rbfox proteins in maturing neurons. Strikingly, many transcripts encoding structural and 
functional components of axon initial segment (AIS), nodes of Ranver (NoR) and 
synapses undergo Rbfox-dependent regulation. I focused on the AIS whose assembly, 
which occurs during the early stages of neuronal maturation, is poorly understood. I 
found that the AIS of Rbfox tKO neurons is perturbed and contains disorganized ankyrin 
		
G, as revealed by super-resolution microscopy. This is in part due to an aberrant splicing 
of ankyrin G, resulting in destabilization of its interaction with βII- and βIV-spectrin. 
Thus, Rbfox factors play a crucial role in regulating a neurodevelopmental splicing 
program underlying structural and functional maturation of post-mitotic neurons. These 
data highlight the importance of alternative splicing in neurodevelopment and provide a 
novel link between alternative splicing regulation and AIS establishment.
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CHAPTER I: INTRODUCTION 
The central nervous system is a complex assembly of a large number of highly 
specialized cell types including neurons, astrocytes, oligodendrocytes and microglia. 
Neurons, the conductive part of the nervous system, are arranged in neuronal circuits 
whose main function is information processing, transmission and storage, and together 
they are the basis of perception, behavior, memory, consciousness and homeostatic 
regulation of the body.  
In neuronal development, the newly generated neurons do not yet possess mature 
electrophysiological properties and are not fully integrated into the neuronal circuitry. 
They have to undergo further developmental changes that involve cell migration, 
morphological changes and assembly of neuronal-specific subcellular structures (axon 
initial segment, nodes of Ranvier and synapse). This stage of neuronal development is 
called neuronal maturation.  
The cellular processes driving neuronal maturation are interdependent and have to 
be temporally regulated to allow formation of the neuronal circuits. For example, neurons 
have to migrate before the extensive outgrowth of neurites occurs, which would impede 
their mobility. Axon specification is necessary for assembly of the axon initial segment. 
Assembly of nodes of Ranvier in the specified axon is dependent on axon myelination by 
the neighboring glial cells. And progressive and synchronized maturation of the partner 
neurons assures their availability for engagement in synaptic connections and allows 
further tuning of the neuronal circuits. One of the fundamental questions of neurobiology 
is how the process of neuronal maturation is regulated on a molecular level and how are 
the individual cellular processes temporally coordinated. 
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Historically, the regulation of neuronal development has been primarily studied at 
the level of transcriptional regulation. Although the early studies were fruitful and led to 
important discoveries like identification of transcriptional factors that drive 
differentiation of specific neuronal subtypes (Rubenstein and Rakic 2013; Mazzoni et al. 
2013), it remains undiscovered how maturation of the neurons is achieved. Recently, the 
next generation sequencing technologies revealed a remarkable complexity of alternative 
RNA splicing in the developing central nervous system (Dillman et al. 2013; Mazin et al. 
2013; Weyn-Vanhentenryck et al., n.d.), and it became enticing that in the addition to the 
transcriptional regulation, the dynamic regulation of alternative splicing contributes to the 
neuronal maturation. This idea was further promoted by experiments where knockout or 
knockdown of RNA-binding proteins (RBPs) involved in regulation of RNA splicing in 
neurons resulted in developmental defects or disruption of neuronal function (Raj and 
Blencowe 2015; Cieply and Carstens 2015). Additionally, mutations in many RBPs were 
found to be associated with or to be a cause of neurological disorders like autism, bipolar 
disorder, schizophrenia, epilepsy or amyotrophic lateral sclerosis (Conboy 2016; Cieply 
and Carstens 2015; Nussbacher et al. 2015). The challenge encountered in the study of 
RBPs is that there are often multiple functionally redundant members of RBP family 
expressed in each neuron and their concurrent depletion has to be performed to reveal the 
molecular and cellular phenotypes related to loss of their function. Also, the functional 
importance of the individual alternative exons and the consequence of their deregulation 
were rarely studied, as the function cannot be easily predicted from the exonic sequence 
and it requires detailed biochemical analysis.  
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In my thesis, I focus on Rbfox protein family of RNA-binding splicing regulators 
that are co-expressed in most post-mitotic neurons (Mullen, Buck, and Smith 1992; Kim, 
Adelstein, and Kawamoto 2009; Underwood et al. 2005; Gehman et al. 2012). My aim 
was to identify the alternative exons whose regulation is dependent on Rbfox, 
characterize phenotypes that result from complete Rbfox depletion and establish a 
causative link between the cellular phenotypes and specific alternative exons to gain a 
deeper mechanistic understanding of the role of alternative splicing in neuronal 
maturation.  
In this chapter, I first provide a brief overview of the key biological events that 
occur during the stage of neuronal maturation with a particular focus on axon initial 
segment assembly, a biological process significant to this work. I then introduce the types 
of alternative splicing and discuss the function of alternative splicing at a protein and 
cellular level using known examples from literature. Finally, I provide an overview of 
literature on the regulators of alternative splicing in neurons focusing on Rbfox splicing 
factors.  
I. Brief overview of key events in development of a neuron 
Fundamentally, two stages can be distinguished in development of a neuron. The 
first stage is neuronal differentiation during which the cellular fate of a dividing 
pluripotent stem cell becomes progressively restricted until it becomes a post-mitotic 
neuron. The second stage is neuronal maturation.  It involves integration of a neuron into 
specific neuronal circuit and the acquirement of mature electrophysiological properties. 
To achieve this, each neuron has to migrate to its proper destination in the nervous 
system, undergo morphological changes, assemble axon initial segment for regulated 
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initiation of action potentials, undergo myelination, assemble nodes of Ranvier for 
propagation of the action potentials along the axon, and form connections with the other 
neurons (synapse) or muscle (neuromuscular junction).  
Here, I introduce the processes of neuronal differentiation and maturation and 
discuss the current knowledge of the regulatory mechanisms. It should be noted that 
although the extent to which different levels of regulation are decisive in a specific 
developmental process varies, it is often found that many levels of regulation are 
involved and their joint action is needed for normal development.  
Neuronal differentiation 
The beginning of the differentiation process can be traced back to a single cell 
stage of an embryo called zygote (fertilized egg). The zygote undergoes a series of rapid 
cell divisions that give a rise to an inner cell mass at a stage of blastocyst. A portion of 
the inner cell mass containing pluripotent cells becomes a layer of cells known as 
ectoderm. Ectoderm cells can differentiate into a variety of cell types including epithelial 
cells, pigment cells, and neurons. A part of ectoderm called neural plate receives stimuli 
that induce the neuronal developmental program (neuroectoderm). The neural plate folds 
and closes up into a neural tube. In the neural tube, the neuronal progenitor cells divide 
and finally differentiate into the post-mitotic neurons of brain and spinal cord.  
The progression of differentiation is driven by a sequence of transcription factors 
and chromatin regulators whose expression is determined by the intrinsic genetic 
program and the external stimuli (Lodish 2008; Rubenstein and Rakic 2013). A 
combinatorial action of the transcriptional regulators determines expression of genes that 
include genes important for cellular function but also additional transcriptional regulators 
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that in a cascade-like manner promote transition into the next stage of differentiation, 
from the pluripotent stem cells, through neuronal progenitors into post-mitotic neurons. 
The combination of transcription factors that shapes the post-mitotic gene expression 
profile of a specific neuronal subtype has an impact on its functional properties and 
allows diversification of neuronal function (Rubenstein and Rakic 2013). 
The molecular mechanism of the differentiation process was studied in a great 
detail for spinal motor neurons (Davis-Dusenbery et al. 2014; Jessell 2000). In 
differentiation of this neuronal subtype, gradients of morphogens including retinoic acid 
(RA) and Sonic hedgehog (Shh) act as external stimuli that promote the ventral neuronal 
fate of the early progenitor cells through induction of homeodomain (Pax6, Nkx6.1) and 
basic helix-loop-helix transcription factors (Olig2, Neurog2). Subsequently, the 
progenitors exit the cell cycle and start expressing post-mitotic motor neuron-specific 
transcription factors (e.g. Isl1/2, Mnx1 (Hb9), Lhx3) that control a battery of genes 
crucial for motor neuron function.  
In two seminal works, the validity of this model was confirmed by directed in 
vitro differentiation of mouse embryonic stem cells into motor neurons using stimulation 
of the endogenous signaling pathways with retinoic acid and sonic hedgehog agonist in 
cell culture (Wichterle et al. 2002), or via direct programming by overexpression of 
transcription factors Ngn2, Isl1 and Lhx3 (Mazzoni et al. 2013). Both approaches 
resulted in an efficient differentiation into spinal motor neurons in vitro. Thus, although it 
can be argued that the cell signaling pathways employed in vivo are the primary driving 
force of differentiation, the powerful strategy of transcriptional programming argues for a 
key downstream role of transcriptional factors in cell differentiation.  
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Migration and neurite outgrowth 
Generation of neurons in the nervous system is spatially restricted to a centrally 
located areas known as a ventricular and subventricular zone (Diez del Corral and Storey 
2001; Paridaen and Huttner 2014). The fact that the differentiation of neurons does not 
occur at their final destinations creates a logistic problem of how to position the newly 
born neurons to their appropriate coordinates. Moreover, the neurons do not interconnect 
only with their nearest neighbors but have to establish a complex network of connections 
with cells that can be located many centimeters away. 
The first problem is solved by migration of the neuronal progenitors/immature 
neurons. At the cellular level, the movement of the cell involves extension of a leading 
process, active translocation of the nucleus, and elimination of a trailing process 
(Lambert de Rouvroit and Goffinet 2001; Cooper 2013). Like in other motile cells (i.e. 
fibroblasts), the locomotion process is dependent on a sustained dynamic remodeling of 
cytoskeleton. Not surprisingly, the crucial neuronal migration regulators are 
cytoskeleton-associated structural proteins and signaling proteins that modulate dynamics 
of the cytoskeleton (Bielas and Gleeson 2004; Khodosevich and Monyer 2011).  
How is the direction of the migration determined? There are two types of cues 
involved in the steering of migrating neurons (Marín et al. 2010). The first one is a direct 
interaction with cell adhesion proteins on other neuronal and glial cells. Secreted 
extracellular molecules like semaphorins, slits, netrins, reelin or neurotrophic factors ( 
BDNF, NT4, HGF) provide the second type of cue. The response to both types of cues is 
dependent on expression of matching cell adhesion molecules and receptors in the 
migrating neuron.  
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The requirement of posttranscriptional regulation for proper migration of neurons 
was demonstrated in mouse brain with knockout of RNA-binding protein and regulator of 
RNA translation Musashi-1. Musashi-1 promotes expression of a neuronal receptor for 
the secreted Slit proteins Robo3 (Kuwako et al. 2010). Additionally, an ongoing shRNA 
screen of RNA-binding proteins revealed that Nova splicing factors and non-sense 
mediated decay-promoting RNA helicase Upf1 are essential for migration and axonal 
outgrowth of neurons in mouse spinal cord (Leggere et al. 2016). The target of Nova 
whose alternative splicing regulation was found to be important for neuronal migration 
and neuronal outgrowth is the netrin receptor Dcc.  
In mouse cortex, knockout of Sox5, Tbr1, Satb2 and other transcriptional 
regulators results in specific defects in arrangement of neurons into cortical layers 
(Kwan, Šestan, and Anton 2012). Interestingly, because the later processes of neuronal 
maturation including dendrite outgrowth and synapse formation would interfere with 
neuronal migration, newly born neurons temporally repress the maturation program at the 
transcriptional level (Cobos, Borello, and Rubenstein 2007; Love and Prince 2015). 
The next problem is the establishment of connections among the neurons and their 
targets. To reach their downstream target and allow synapse formation, maturing neurons 
extend a thin process called an axon. The second morphological specializations of 
neurons are dendritic processes harboring the postsynaptic terminals for the reception and 
the computation of synaptic inputs.  
Cytoskeletal remodeling is among the earliest events during neurite specification 
that can be detected in the developing neuron (Witte and Bradke 2008). At the beginning, 
the actin cytoskeleton network in a growth cone of one of the several dynamic protrusion 
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formed by a maturing neuron becomes destabilized (Bradke 1999). This allows enhanced 
growth of the process whose structure is supported by newly formed microtubules that 
stabilize as a result of posttranslational modification and they bias the mode of growth 
versus retraction (Witte and Bradke 2008; Witte, Neukirchen, and Bradke 2008). The fast 
growing process becomes an axon while the remaining processes form dendrites. This 
model of neuronal symmetry breaking is supported by in vitro studies that not only 
described the distinct dynamics of actin (microfilaments) and tubulin (microtubules) in 
the prospective axon versus dendrites but also demonstrated induction or perturbation of 
axon formation by drugs that modulate microfilament or microtubule dynamics (Bradke 
1999; Witte, Neukirchen, and Bradke 2008; Witte and Bradke 2008). These pioneering 
studies inspired search for regulators of cytoskeleton dynamics that drive the 
establishment of neuronal morphology and polarity.  
The best-studied microtubule regulators involved in neurite development are Tau 
and Map2 (Tahirovic and Bradke 2009). Both proteins stabilize microtubules and 
promote growth of axon and dendrites, respectively. An upstream layer of regulation of 
the morphological maturation of neurons is made of signaling proteins that include GSK-
3α/β, phosphatidylinositol 3-kinase (PI3K), PTEN, Par kinases and Rho GTPases (Barnes 
and Polleux 2009). These signaling pathways spatially and temporally coordinate the 
intrinsic processes of neurite outgrowth but also provide a link between the neuronal 
cytoskeleton and the external cues (i.e. BDNF (brain derived neurotrophic factor), 
netrins), which allows coordination of the neurite outgrowth on a tissue level. 
Among the most notable regulators of actin cytoskeleton identified are a family of 
Ena (enabled)/VASP (vasodilator stimulated phosphoprotein) proteins, cofilins, and 
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profilins (Tahirovic and Bradke 2009). All three types of proteins are localized to the 
growth cone where they modulate actin polymerization.  
The dense meshwork of actin microfilaments in the growth cones of elongating 
neurites received significant attention with regard to the axon establishment. This is 
understandable as the staining of actin in developing neurons yields high signal in the 
growth cones and no apparent accumulation in the axon itself (Dent, Gupton, and Gertler 
2011). However, several recent studies made surprising discoveries of sparse ring-like 
structures of actin arranged into a periodic lattice that spans the entire axon (Xu, Zhong, 
and Zhuang 2013; He et al. 2016; D’Este et al. 2015). Some ring-like actin cytoskeleton 
can be found also in dendrites but the periodic arrangement is much weaker as a result of 
their lower stability (D’Este et al. 2015; Xu, Zhong, and Zhuang 2013; Bär et al. 2016). 
The discoveries were allowed by novel super-resolution microscopy techniques whose 
resolution (<10nm) was required to observe the individual rings that are 190nm apart and 
thus could not be resolved by conventional microscopy techniques (>400nm); electron 
microscopy has sufficient resolution (<2nm) but the harsh sample preparation procedures 
did not preserve the relatively labile actin structures (Jones, Korobova, and Svitkina 
2014).  
Although the composition and the exact arrangement of the rings remains to be 
determined, the previous studies proposed that they are formed by short actin 
microfilaments capped and stabilized by α-adducin (Zhong et al. 2014). The adjacent 
rings are linked by two tail-to-tail oriented βII-spectrin molecules that contain calponin-
homology actin-binding domain and form a 190nm long heterotetramer with αII-spectrin 
(Xu, Zhong, and Zhuang 2013; Zhong et al. 2014). The spectrin tetramer links are 
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required for the periodic spacing of the actin rings that together with the spectrin form the 
periodic lattice. The βII-spectrin was also found to be involved in a subsequent 
recruitment of ankyrin B (AnkB), a subplasmolemal protein that has a role in determining 
of the axon caliber and in axonal transport (Stephan et al. 2015; Lorenzo et al. 2014; Qu 
et al. 2016).  
A study of in vitro matured hippocampal neurons observed that the periodic 
lattice is established progressively during development in the proximal-to-distal direction 
from initially unorganized components (Zhong et al. 2014).  It is currently unknown how 
formation of this periodic lattice is initially induced in maturing neurons and its function 
is unclear. Of note, the actin-spectrin periodic lattice organization of axonal cytoskeleton 
was recently found also in C. elegans (He et al. 2016), where βII-spectrin knockout in 
neurons results in increased fragility of axons (Hammarlund, Jorgensen, and Bastiani 
2007). This observation suggests that the periodic organization provides increased 
mechanical stability to the long axonal process.  
It will be also interesting to test whether the periodic lattice assembly is involved 
in axon specification and axonal outgrowth, since the modulation of action cytoskeleton 
stability in the previous experiments was induced globally by drugs added to the cell 
culture media, which should result in destabilization of the growth cone cytoskeleton as 
well as the periodic cytoskeletal lattice of axon.  
Axon initial segment 
Axon initial segment (AIS) is a neuron-specific subcellular structure that occupies 
20-50µm segment of an axon proximal to cell body (Fig.1-1). It is involved in action 
potential initiation, modulation of firing pattern and determination of the shape of action 
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potentials (Bender and Trussell 2012). Additionally, it creates a selective barrier between 
the somato-dendritic compartment of the neuron and the axon, allowing maintenance of 
neuronal polarity by restriction of diffusion and transport of somato-dendritic molecules 
like Map2 (Ho and Rasband 2011).  
AIS was first visualized almost 50 years ago in electron microscopy (EM) studies 
of neurons that noticed a short segment of an axon immediately after axon hillock (the 
transition of cell body into an axon) containing dense undercoating of plasma membrane, 
enrichment for microtubule fascicles and scattered clusters of ribosomes (Palay et al. 
1968). The excitement of the discovery was increased by the fact that prior 
neurophysiological studies identified this region of a neuron to be the site of action 
potential initiation (Araki and Otani 1954; Coombs, Curtis, and Eccles 1957; Fuortes, 
Frank, and Becker 1957). This sparked an interest in understanding of the composition, 
structural organization, mechanism of assembly, and dynamics of the AIS. 
 
Figure 1-1: The axon initial segment (AIS).  
ES-derived motor neurons cultured in vitro 
were immunostained for AIS marker AnkG 
(red), somato-dendritic marker Map2 (green), 







AnkG Map2 Hb9 
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Axon initial segment composition 
The breakthrough in understanding of the AIS molecular organization came with 
the discovery of ankyrin G (AnkG), a subplasmolemal scaffold protein that is a major 
part of the dense undercoating identified by the EM studies (Kordeli, Lambert, and 
Bennett 1995; Jones, Korobova, and Svitkina 2014). AnkG functions as a “hub protein” 
that recruits voltage-gated ion channels, voltage-gated potassium channels, calcium ion 
channels, cell adhesion molecules and links them to the underlying cytoskeleton and the 
plasma membrane (Fig.1-2) (Zhou et al. 1998; Rasband 2010; Leterrier 2016).  
AnkG is a member of the ankyrin protein family that contains AnkR (Ank1), 
AnkB (Ank2) and AnkG (Ank3) (Bennett and Lorenzo 2013). There is a large number of 
AnkG isoforms, generated by alternative splicing or by use of alternative transcription 
start sites, with size ranging from ~100 to ~480 kDa. The largest isoform of AnkG 
contains five functional domains (Bennett and Lorenzo 2013). The first is a membrane-
binding domain that is composed of 24 ankyrin repeats for interaction with specific ion 
channels and cell adhesion molecules (Wang et al. 2014; Leterrier 2016), and harbors a 
crucial cysteine residue (C70) that anchors AnkG to the plasma membrane via 
palmitoylation (He, Abdi, and Bennett 2014; Fujiwara et al. 2016). The second functional 
domain contains a module of three globular protein domains including two ZU5 domains 
(ZO-1 and unc5) and UPA domain (unc5, PIDD, and ankyrins). The first ZU5 (ZU5-1 or 
ZU5-N) is engaged in interaction with β-spectrins, which led the experimenters that 
studied the ZU5-1/ZU5-2/UPA protein segment as a whole to name it a spectrin-binding 
domain (Platt, Lux, and Falcone 1993), but ZU5-2 and UPA are not necessary for the 
interaction (Ipsaro et al. 2008; Ipsaro, Huang, and Mondragón 2009; Ipsaro and 























Figure 1-2: AIS composition and organization. Top: AIS (red) is a site of action 
potential generation. Bottom: Schematic representation of the transition between AIS 
(left) and the distal axon (right). Both the AIS and the axonal cytoskeleton form periodic 
lattice organized by ring-like F-actin filaments spaced ∼190nm apart and stabilized by 
spectrins. The common AIS components are visualized in the scheme. 
Psd-93 AnkB AnkG 
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The third domain is a highly glycosylated serine-rich domain (Zhang and Bennett 1996) 
followed by an unstructured tail containing EB1/3 binding motifs that presumably link 
AnkG to microtubules (Leterrier et al. 2011; Freal et al. 2016). Finally, the last domain is 
a death domain flanked by unstructured regions. The death domain of AnkG was not 
studied in detail but it could be potentially involved in regulation of apoptosis (Rio et al. 
2004). 
AnkG clusters a high density of voltage-gated sodium channels in the AIS, whose 
exact composition differ depending on developmental stages or neuronal subtypes. 
Nav1.6, Nav1.2 and Nav1.1 are the predominant sodium ion channels in mature neurons 
(Jenkins and Bennett 2001; Lorincz and Nusser 2008; Boiko et al. 2003; Duflocq et al. 
2011; Tian et al. 2014) and all of them contain an interaction peptide motif that can bind 
to specific ankyrin repeats in the N-terminus of the AnkG protein (Garrido et al. 2003; 
Gasser et al. 2012; Lemaillet, Walker, and Lambert 2003; Srinivasan, Lewallen, and 
Angelides 1992; Wang et al. 2014). The high density of the voltage-gated sodium 
channels (Nav) in the AIS and the narrow diameter of the axon result in a significantly 
lower threshold to excitation in the AIS membrane in comparison to the membrane of 
dendrites or soma (Bender and Trussell 2012; Debanne et al. 2011). This is what gives 
the AIS the ability to effectively initiate the action potentials in response to the 
culmination of depolarizing events induced by the synaptic input. The biochemical (i.e. 
interaction with regulatory subunits, regulation by posttranslational modifications) and 
biophysical properties (i.e. activation voltage) of the different ion channels underlie the 
specific action potential firing characteristics of a neuron (Bender and Trussell 2012). 
Voltage-gated potassium channels subunits Kcnq2 and Kcnq3 are also localized 
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to the AIS (Devaux 2004; Pan 2006; Sánchez-Ponce et al. 2012) via an AnkG interaction 
motif homologous to the one found in Navs but their motif is thought to have evolved 
independently (Pan 2006; Hill et al. 2008; Xu and Cooper 2015). They are able to 
decrease the excitability of a neuron by generating a slow current activated just below the 
spike threshold (Brown and Passmore 2009; Guan et al. 2011; Shah et al. 2008; Battefeld 
et al. 2014). Some neuronal subtypes (i.e. cortical neurons and motor neurons) were 
reported to additionally contain voltage-gated potassium channels Kv1.1 and Kv1.2 
(Cudmore et al. 2010; Kole, Letzkus, and Stuart 2007; Bialowas et al. 2015; Rowan, 
Tranquil, and Christie 2014) that cluster in distal AIS via interaction with a scaffold 
protein PSD-93 (Ogawa et al. 2008). These channels were implicated in determining the 
width of the fired action potential spike and the firing pattern (Kole, Letzkus, and Stuart 
2007; Rowan, Tranquil, and Christie 2014; Bialowas et al. 2015).  
The functional significance of the voltage-gated calcium channels in AIS was not 
well studied yet. However, a study by Bender and Trussell showed a role of T- and R-
type calcium channels in boosting depolarizing stimuli past spike threshold and in 
generation of spike bursts in cartwheel neurons of cochlear nucleus (Bender and Trussell 
2009). Moreover, T- or L- type voltage-gated calcium channels are involved in activity-
dependent AIS plasticity (Bender, Ford, and Trussell 2010).    
Neurofascin (Nfasc) and neuronal cell adhesion molecule (Nrcam) are two of the 
main cell adhesion molecules localized to the AIS (Davis, Lambert, and Bennett 1996; 
Wang et al. 2014). Little is known about their function in the AIS but a gradient of Nfasc 
was described to guide axo-axonic GABAergic synapses directly onto the AIS of 
Purkinje cells (Ango et al. 2004). Moreover, Nfasc locally assembles extracellular matrix 
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composed of aggrecan, brevican, versican and tenascin R (John et al. 2006; Hedstrom et 
al. 2007; Brückner et al. 2006; Frischknecht et al. 2014).   
The AIS size, position, and composition are dynamically regulated in response to 
neuronal activity (Kuba, Oichi, and Ohmori 2010; Grubb and Burrone 2010; Gutzmann et 
al. 2014; Kuba et al. 2015; Evans et al. 2015; Chand et al. 2015). The dynamic AIS 
regulation represents a novel paradigm that contributes to the neuronal plasticity. Another 
not yet fully appreciated aspect of AIS is the variability of its size, position or 
composition in different neuronal subtypes that might contribute to the subtype-specific 
electrophysiological properties.  
Axon initial segment assembly 
But how is the AIS assembled during development in the first place? Several 
independent immunostaining studies found that the AIS is not present in the early 
postmitotic neurons but it forms gradually in maturing neurons both in vivo (Galiano et 
al. 2012; Gutzmann et al. 2014; Le Bras et al. 2014) and in vitro (Yang et al. 2007; 
Galiano et al. 2012; Jones, Korobova, and Svitkina 2014; Zhong et al. 2014). The ability 
of neurons in pure neuronal cultures to form AIS suggests that a cell intrinsic program 
initiates the process. The first event that can be observed is expression of AnkG with 
diffuse localization along the axonal process (Galiano et al. 2012; Gutzmann et al. 2014; 
Le Bras et al. 2014; Zhong et al. 2014). Next, the AnkG progressively accumulates in the 
proximal segment of an axon that later becomes the AIS. This is shortly after followed by 
recruitment of βIV-spectrin, EB1/3 proteins, ion channels and cell adhesion molecules 
(Yang et al. 2007; Leterrier et al. 2011; Freal et al. 2016; Hedstrom et al. 2007; Zhong et 
al. 2014).  
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The developmental timing of AIS establishment in different neuronal subtypes 
varies depending on when the neurons complete differentiation. For example, in the 
spinal motor neurons, that differentiate early and reach the ventral part of the neural tube 
as soon as at the ninth day of mouse embryonic development (E9), the highly 
accumulated AnkG in proximal axon can be observed already in 13.5 days old embryo 
(E13.5) (Le Bras et al. 2014). On the other hand, cortical neurons that become post-
mitotic only at the end of the mouse embryonic development (E18.5) have to first migrate 
a long distance to reach their destination in cortical plate at the first postnatal day (P1) 
and accumulate AnkG five days postnatally (P5) (Galiano et al. 2012). In cell culture, 
both primary cortical and ES-derived motor neurons that are plated one or two days after 
their differentiation accumulate AnkG after three to five days of culturing (Galiano et al. 
2012; Jones, Korobova, and Svitkina 2014; Zhong et al. 2014). In all instances, the AIS 
assembly occurs after the axon specification (Zhou et al. 1998; Jenkins and Bennett 
2001). 
A breakthrough insight for understanding of the AIS assembly came from super-
resolution microscopy studies that found periodic organization of AnkG and βIV-spectrin 
in the proximal axon of mature neurons (Zhong et al. 2014; Leterrier et al. 2015), similar 
to the actin/αII-spectrin/βII-spectrin/AnkB periodic lattice organization of axonal 
cytoskeleton described above (Xu, Zhong, and Zhuang 2013). In fact, it was found that 
the molecular mechanism of AIS assembly could be viewed as a continuation of the 
axonal actin-spectrin-ankyrin periodic lattice formation because the accumulating AnkG 
and βIV-spectrin gradually replace βII-spectrin and AnkB in what becomes an axon 
initial segment (Zhong et al. 2014). In vitro maturing rat hippocampal neurons started 
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accumulating AnkG after 3-4 days in culture, the AnkG periodicity appeared after 
another 4 days and by day 12 a strong periodicity was apparent. A similar trend in 
organization was observed for βIV-spectrin. After 13 days of neuronal maturation in 
vitro, a clear replacement of βII-spectrin with βIV-spectrin can be observed in AIS by 
comparison of the relative immunostaining fluorescence intensity.  
The βIV-spectrin and AnkG are homologs of βII-spectrin and AnkB but the 
hierarchy of factors in AIS assembly is different from the axonal assembly. In axon, βII-
spectrin is required for the assembly of the periodic lattice and subsequent recruitment of 
AnkB (Zhong et al. 2014; Galiano et al. 2012). AnkB depletion by gene knockout does 
not disrupt βII-spectrin periodicity although it does contribute to its axonal versus 
somato-dendritic localization (Zhong et al. 2014). βIV-spectrin knockdown in cultured 
neurons does not affect the initial AnkG recruitment to AIS and it is not important for 
AIS assembly in vivo (Hedstrom et al. 2007; Lacas-Gervais et al. 2004; Yang et al. 2004). 
However, the in vivo studies also suggested that βIV-spectrin might be important for the 
long-term AIS stability because prolonged βIV-spectrin depletion in adult mice by 
embryonic knockout results in AIS fragmentation (Lacas-Gervais et al. 2004; Yang et al. 
2004; Uemoto et al. 2007). On the other hand, AnkG was demonstrated numerous times 
to be required for βIV-spectrin localization to the AIS and the recruitment of the 
downstream functional proteins that interact with AnkG’s ankyrin repeats (Nfasc, Nav, 
Kcnq etc.) both in vivo and in vitro (Jenkins and Bennett 2001; Zhou et al. 1998; 
Hedstrom, Ogawa, and Rasband 2008; Dzhashiashvili et al. 2007; Sobotzik et al. 2009). 
The AnkG depletion additionally revealed an important role of AIS in the maintenance of 
neuronal polarity. The axon specification is independent of AIS assembly but AIS creates 
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a selective barrier in mature neurons whose disruption by AnkG depletion leads to mis-
localization of somato-dendritic proteins like Map2 into the axonal process (Hedstrom, 
Ogawa, and Rasband 2008; Song et al. 2009; Jenkins et al. 2015; Sobotzik et al. 2009). 
Another two proteins involved in localization and stabilization of AnkG in AIS 
are microtubule-associated protein RP/EB family members 1 and 3 (Mapre1, Mapre3 – 
also known as Eb1 and Eb3) (Leterrier et al. 2011; Freal et al. 2016). Eb1/3 are expressed 
in various cell types where they typically bind to microtubule plus-ends (+TIPs) and 
promote microtubule elongation (Akhmanova and Steinmetz 2010). In hippocampal 
neurons cultured in vitro, Eb1 protein is expressed early, Eb3 protein is highly induced 
after two weeks of maturation, and both proteins localize throughout the soma and 
dendrites but they are progressively accumulated in the AIS (Leterrier et al. 2011). The 
discovery of Eb1/3 enrichment in AIS was initially surprising because the microtubule 
cytoskeleton of an axon is considered to be highly stable and it is not expected to contain 
many dynamic microtubule plus-ends (Nakata and Hirokawa 2003; Van Beuningen et al. 
2015). Indeed, while the Eb3 in dendrites and cell body concentrates as transient comets 
at the growing microtubule plus-ends, the Eb3 in AIS was shown to be mostly immobile 
suggesting that Eb3 enrichment in the AIS is not caused by an accumulation of 
microtubule ends (Freal et al. 2016; Nakata and Hirokawa 2003; Leterrier et al. 2011). 
Consistently, an acute perturbation of microtubule polymerization by a low-dose 
nocodazole treatment reduces Eb3 localization in somato-dendritic puncta but does not 
significantly reduce Eb3 accumulation in the AIS (Leterrier et al. 2011).  Eb3 and Eb1 
were subsequently found to be directly interacting with AnkG (Leterrier et al. 2011; Freal 
et al. 2016). The interaction is mediated by a cluster of SxIP peptide motifs in the 
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intrinsically disordered AnkG tail domain that is encoded in 480kDa isoform and partly 
also 270kDa isoform of AnkG, both of which accumulate in the AIS (Freal et al. 2016). 
Eb1/3 accumulation at the AIS was dependent on the interaction with AnkG tail domain, 
and AnkG concentration in AIS was reduced in neurons with shRNA-mediated 
knockdown of Eb3 and to lesser extent Eb1. Moreover, the study demonstrated that the 
AnkG 480kDa isoform accumulates in the AIS first and it is followed by accumulation of 
AnkG isoform 270kDa. Also, whereas overexpression of the isoform 480kDa is able to 
rescue AIS assembly defect upon knockdown of all AnkG isoforms, overexpression of 
the 270kDa is not sufficient for the rescue. Morever, genetic deletion of the exon 
encoding the Eb1/3-binding sites results in complete loss of AIS in mice even though a 
shorter AnkG 190kDa isoform is still expressed and its protein level increases four times 
in the exon deletion animals, which results in higher levels of total AnkG than in wild-
type animals (Jenkins et al. 2015). 
A question that remains to be answered is whether the Eb proteins are associated 
with microtubules/microtubule-interacting proteins to provide a link with the AIS 
cytoskeleton. Although a high-dose of nocodazole was able to reduce the Eb3 
accumulation in AIS (Leterrier et al. 2011), this does not formally prove existence of Eb3 
interaction with microtubules/microtubule-associated proteins in AIS. The two well-
known Eb-interacting proteins CLIP170 and CLASP1/2 bind to Eb via the same SxIP 
motif as AnkG and are not accumulated in AIS (Leterrier et al. 2011). Together with the 
lack of highly dynamic microtubule plus-ends in AIS, this suggests Eb1/3 have a non-
canonical mode of binding in AIS or the microtubules contain yet non-described features 
or associated proteins that interact with Eb1/3.  
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In mature neurons, the axon initial segment determines the firing output that 
induces a release of neurotransmitters at the synapse, which mediates the transfer of 
information between neurons. But first, the action potentials have to be propagated along 
the axon. This is a function executed by the nodes of Ranvier.  
Myelination and assembly of nodes of Ranvier 
Myelination is the process during which the axons of most maturing neurons in 
both the central and the peripheral nervous system are wrapped by a multi-lamellar sheet 
of glial membrane known as myelin. The myelin serves a role of an electrical insulator. 
Nodes of Ranvier (NoR) are the periodic gaps in between the myelin sheaths where the 
axonal membrane contains a high concentration of ion channels that allows regeneration 
of action potentials and their propagation along the axon in a saltatory manner (Fig.1-3).  
Figure 1-3: Node of Ranvier composition and organization.  The scheme was adopted 
from a review: (Stathopoulos, Alexopoulos, and Dalakas 2015). 
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The function of NoRs is similar to the function of AIS and it is thus not surprising 
that many of the protein factors are present in both structures (Rasband and Peles 2016; 
Stathopoulos, Alexopoulos, and Dalakas 2015). The main organizer of ion channels and 
cell adhesion molecules in NoRs is AnkG (Kordeli et al. 1990; Ho et al. 2014; Kordeli, 
Lambert, and Bennett 1995; Susuki et al. 2013; Dzhashiashvili et al. 2007). AnkG is 
linked to the underlying cytoskeleton via βIV-spectrin. The NoR localized ion channels 
include voltage-gated sodium channels (Nav1.1, Nav1.2, Nav1.6, Nav1.7, Nav1.8, 
Nav1.9) and voltage-gated potassium channels (Kv3.1b, Kcnq2, Kcnq3) that are 
expressed in a neuronal subtype-specific manner and together they regulate the neuronal 
excitability and action potential properties (Rasband and Peles 2016; Stathopoulos, 
Alexopoulos, and Dalakas 2015; Debanne et al. 2011). NoRs also contain cell adhesion 
molecular Nrcam and Nfasc (isoform 186kDa, Nf186) (Davis, Lambert, and Bennett 
1996). Nf186 and Nrcam are transmembrane proteins that interact with a specialized 
extracellular matrix that is surrounding the nodes (Frischknecht et al. 2014; Dours-
Zimmermann et al. 2009; John et al. 2006).  
The NoRs are flanked by paranodal axoglial junctions (PNJ) and juxtaparanodes 
(JXP). The PNJs are a site of a specialized contact between the myelin and the axonal 
membrane (axolemma) that acts as a boundary for lateral diffusion of axonal membrane 
proteins and separates the electrical activity of nodes from the adjacent regions 
(internodes) (Rasband and Peles 2016; Stathopoulos, Alexopoulos, and Dalakas 2015).  
The Juxtaparanodes (JXPs) are located beneath the myelin and are a site of 
potassium channel clustering (Kv1.1, Kv1.2, Kv1.4) (Rasband and Peles 2016; 
Stathopoulos, Alexopoulos, and Dalakas 2015).  
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The crucial difference between the assembly of NoRs and AIS is the dependence 
of NoR on glial-extrinsic factors in addition to the neuronal-intrinsic program organizing 
the cytoskeletal proteins (Rasband and Peles 2016). The mechanism of NoR stabilization 
involves multiple proteins involved in the axon-glial interaction including neurofascin 
(186kDa isoform, Nf186) (Zhang et al. 2012).  
Synapse formation 
The final stage of neuronal maturation involves integration of the electrically 
active neurons into a neuronal circuit. Here, I will focus on the well-established players 
involved in synaptogenesis to highlight some of its underlying molecular principles. 
Some of the the major synaptic components are depicted in a scheme below (Fig.1-4) 
Three closely related phenomena were historically recognized as the drivers of 
synaptogenesis: transport of the synaptic material, adhesion of the synaptic partners, and 
assembly of the synaptic structure.  
An efficient transport of synaptic material is dependent on organization of 
neuronal cytoskeleton and function of the microtubule-based motor proteins that deliver 
the cargo to the synapse (Maday et al. 2014). In vertebrate axons, the intrinsically 
polarized microtubule filaments are oriented with the more stable minus end towards the 
soma, and the more dynamic plus end towards the distal axon and the presynaptic 
terminal (Baas et al. 1988). The axonal-specific microtubule organization is at least in the 
axon initial segment (AIS) maintained by Trim46 protein that creates bridges between 
microtubule filaments aligned in parallel in the early stages of axonal specification (Van 
Beuningen et al. 2015). Eb1/3 proteins that accumulate in AIS were shown to be able to 
recruit kinesin-1 (KIF5) motor protein to the axon, a mechanism that could be potentially 
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involved in directing of a synaptic cargo to a presynaptic terminal but has not been 
studied in this context yet (Nakata and Hirokawa 2003). Kinesin-1 is itself involved in 
microtubule organization and kinesin-1 mutant Caenorhabditis elegans worms develop 
neuronal dendrites with axon-like microtubule polarity and mislocalized presynaptic 
material (Seeger and Rice 2010; Yan et al. 2013). The presynaptic cargo that has to be 
transported includes synaptic vesicle proteins (i.e. synaprobrevins, synapsins, 
neurotransmitter transpoters) and active zone proteins (i.e. Piccolo, Bassoon, calcium ion 
channels) (Ziv and Garner 2004). 
The cytoplasmic and membrane associated proteins of postsynaptic terminal can 
localize to the by diffusion, lateral membrane diffusion and clustering via direct or 
indirect interaction with presynaptic proteins or postsynaptic cytoskeleton (Waites, Craig, 
and Garner 2005). Additionally, a bias in endo- and exo- cytosis of postsynaptic proteins 
created by their association with other synaptic components contributes to the localized 
distribution (Choquet and Triller 2003).  
The adhesive interaction between the axonal presynaptic site and the postsynaptic 
site that can be formed on a dendrite (axodendritic synapse), axon (axo-axonic synapse) 
or muscle fiber (neuromuscular junction) is mediated by transmembrane proteins 
involved in homo- or heterophilic interactions across the synaptic cleft (Chia, Li, and 
Shen 2013; McAllister 2005; Darabid, Perez-Gonzalez, and Robitaille 2014). Since the 
transmembrane proteins are functionally linked to intracellular signaling pathways, their 
function is not only a passive maintenance of the structural integrity but also a 
bidirectional relay of information that allows feedback and a dynamic reorganization of 
the synapse (McAllister 2005; Cingolani and Goda 2008). 
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The first pair of synaptic partners identified was neurexin-neuroligin (Scheiffele 
et al. 2000; Graf et al. 2004; June et al. 2005; Nam and Chen 2005; Chubykin et al. 
2007). These early studies demonstrated that the mostly presynaptically localized 
neurexin induces formation of postsynaptic terminal upon cell contact and the strictly 
postsynaptically localized neuroligin induces formation of the presynaptic terminal. 
There are three neurexin genes, and each of them can give rise to more than 2000 
different protein isoforms through usage of alternative promoters and extensive 
alternative splicing (Reissner et al. 2013; Baudouin and Scheiffele 2010). Neuroligins are 
transcribed from four different genes in rodents, five different genes in humans and 
alternative RNA splicing allows production of about a dozen of neuroligin protein 
isoforms (Baudouin and Scheiffele 2010). Currently, an active research direction aims to 
elucidate the functional importance of the astounding isoform variability for specific 
synaptic properties. N-cadherins and SynCAMs are examples of homophilic trans-
synaptic interactors (McAllister 2005; Chia, Li, and Shen 2013). 
Similarly to neurexin-neuroligin reciprocal induction of synaptic terminal 
induction, secreted molecules can also promote synapse formation by trans-synaptic 
induction of intracellular signaling pathways (McAllister 2005; Chia, Li, and Shen 2013). 
One of the first examples came from neuromuscular junction (NMJ) formation between a 
motor neuron and a muscle fiber. In the initial stages of NMJ formation, motor neurons 
secrete agrin, a protein that is a ligand for MuSK receptor tyrosine kinase expressed on 
the surface of muscle (Glass et al. 1996). Binding of agrin to MuSK initiates a cascade of 
signaling events that promote the formation of the postsynaptic density (Glass et al. 1996; 
H. Zhou et al. 1999). A reciprocal effect is mediated by lipoprotein receptor related 
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protein 4 (LRP4) that binds to agrin and MuSK, which promotes formation of both post- 
and pre-synaptic terminal (Kim et al. 2008; Zhang et al. 2008; Yumoto, Kim, and Burden 
2012).  
 
Figure 1-4: Synapse composition and organization. The scheme of glutamatergic 
synapse composition was adopted from (Delorme et al. 2013). The image does not depict 
all known synaptic proteins.  
 
The formation of presynaptic terminal begins with transformation of the axonal 
growth cone into bulbous enlargement that has a limited capacity for spontaneous and 
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evoked release of neurotransmitter (Mozhayeva et al. 2002; McAllister 2005). Later, 
pools are functionally docked and become readily releasable. The synaptic maturation is 
detectable by accumulation of synaptotagmin, SV2, synapsin I and later dynamin, 
amphiphysin and calcium channels. 
In the postsynaptic terminal, the earliest observed synaptic specialization event is 
clustering of postsynaptic density protein 95 scaffold (PSD-95) protein (Sheng and Kim 
2011; McAllister 2005). PSD-95 protein is indirectly linked to the actin cytoskeleton 
through Dlgap1, Shank and cortactin (Sheng and Kim 2011). Next, PSD-95 recruits N-
methyl-D-aspartate (NMDA) receptors followed by recruitment of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors.  
The assembly of the synaptic structure is driven by both intrinsic and extrinsic 
mechanisms many of which remain active in the mature neuron to allow for synaptic 
plasticity (Ho 2011). The plasticity is essential for tuning of neuronal circuits and 
information storage (Kandel 2012; Mayford, Siegelbaum, and Kandel 2012).  
II. Mechanisms of alternative RNA splicing regulation and its function  
Precursor mRNA (pre-mRNA) splicing is a critical step in the co-/post- 
transcriptional regulation of gene expression. RNA splicing involves a process of intron 
removal and exon joining mediated by RNA splicing factors that form a large protein-
RNA complex known as spliceosome (Matera and Wang 2014). During alternative RNA 
splicing, alternative splice sites are used which can lead to inclusion or exclusion of an 
alternative exonic sequence or retention of an intron. In this way, alternative RNA 
isoforms can be expressed in different cells or a mixture of isoforms is produced when 
the outcome of splicing for individual transcripts varies in a single cell. The alternative 
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RNA splicing is largely determined by the sequence of the transcribed RNA that can 
form secondary structures and/or be bound by RNA-binding proteins whose interaction 
with the spliceosome modulates splice site usage (Lee and Rio 2015; Chen and Manley 
2009).  
Recent studies using deep transcriptome sequencing demonstrated that >95% of 
vertebrate genes encode multiple splicing isoforms (Wang et al. 2008; Merkin et al. 
2012). The mRNA and protein isoforms produced from the alternatively spliced RNA 
transcripts may differ in their function and the extensiveness of alternative RNA splicing 
is considered to be one of the main contributors to the increase of complexity in higher 
eukaryotes (Barbosa-Morais et al. 2012; Merkin et al. 2012).  
Types of alternative splicing events  
Alternative splicing events can be classified based on the position of the used 
splice sites relative to other elements in the final RNA transcript (Black 2003; Matlin, 
Clark, and Smith 2005). The most common type of alternative event is differential 
inclusion or exclusion of an alternative cassette exon (∼40%) (Wang et al. 2008). Other 
basic types of splicing events include mutually exclusive exons, alternative 5′ splice site, 
alternative 3′ splice site, and retained intron. 
Molecular mechanisms of alternative splicing regulation 
Alternative exons are sensitized to additional regulation partly due to the 
degenerate consensus sequences around splice sites recognized by the spliceosome 
complex (Keren, Lev-Maor, and Ast 2010). The majority of the alternative splicing 
mechanisms are based on interactions of RNA-binding splicing factors with regulatory 
sequences in the introns or exons of the nascent mRNA transcript that serve as splicing 
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silencers (SS) or splicing enhancers (SE) to modulate activity of the core spliceosome. 
Both the sequence and the position of the SS and the SE are crucial for determining the 
splicing outcome (Lee and Rio 2015; Fu and Ares  Jr. 2014; Chen and Manley 2009; 
Smith and Valcárcel 2000). The dynamic context-dependent regulation of alternative 
splicing results from differential expression/activity of the splicing factors (Fu and 
Ares  Jr. 2014; Shin and Manley 2004). 
Splicing is a complex multistep process involving dynamic assembly, reaction 
and disassembly of different subset of the spliceosome complex whose core is composed 
of five small ribonucleoprotein (snRNP) complexes (U1, U2, U4, U5 and U6) (Matera 
and Wang 2014). The additional regulation can occur at different steps. The key splicing 
reaction steps that were observed to be modulated by RBPs are: recognition of 5’ or 3’ 
splice site by the snRNPs, branch point recognition, and dissociation of U1 snRNP 
preceding assembly of a catalytically active spliceosome (Lee and Rio 2015; Chen and 
Manley 2009). The regulatory action is often exerted by the RBPs via steric hindrance 
and/or direct interaction with the core spliceosome components (Lee and Rio 2015; Chen 
and Manley 2009). Another potential mechanism is shifting the probability of active 
spliceosome assembly by bringing selected splice sites to proximity via RNA looping 
(Lovci et al. 2013). A combinatorial action of several regulators expressed in a given cell 
determines the outcome of the splicing reaction (isoform ratio) (Fu and Ares  Jr. 2014). 
Function of alternative exons 
Two functional classes of alternative splicing events can be distinguished based 
on the protein coding capacity of the final mRNA transcript. 
The first class of splicing events can be called “unproductive” as it generates a 
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premature termination codon upstream of the last exon of a transcript, which results in 
degradation of the transcript after the first round of translation by nonsense-mediated 
decay (NMD) mechanism (McGlincy and Smith 2008). The coupling of alternative 
splicing and NMD provides additional level of gene expression regulation.  Of note, these 
transcripts are still used to generate a truncated protein during the first round of 
translation, although the protein level is low and the truncated protein is often unstable 
and non-functional.  
The second class of splicing events is “productive”. Typically, the “productive” 
alternative splicing produces transcripts for protein isoforms that vary in protein 
structure, which can result in changes in intermolecular interactions of the protein, 
differential posttranslational modification, modulation of enzymatic activity, protein 
localization, stability etc. Alternative exons are on average shorter than constitutive exons 
(Lev-Maor et al. 2007), so they are frequently not long enough to encode entire protein 
domains. Instead, they are enriched in intrinsically disordered regions (Buljan et al. 2012; 
Buljan et al. 2013). Consequently, precise function of the protein-coding alternative 
exons is in general hard to predict and has to be probed experimentally. To date, detailed 
function was described only for several dozens of protein-coding exons (Kelemen et al. 
2013). Nonetheless, computational studies showed that genes containing alternative 
exons tend to encode proteins that have on average more interaction partners and occupy 
central positions in protein interaction networks (Buljan et al. 2012). This observation 
implies that involvement of alternative splicing in regulation of intermolecular 
interactions might be a common theme.  
The two outstanding questions are: 1. How is the alternative RNA splicing 
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regulated in specific cell types? 2. What is the function of the alternative isoforms? These 
problems are especially interesting to study in neurons that undergo global changes of 
alternative splicing in development, and where mutations in many splicing regulators are 
associated with pathological disorders.   
III. Alternative splicing regulators in neuronal development 
The neuronal-specific alternative splicing program is established by combinatorial 
action of many families of RNA-binding proteins including the tissue-specific alternative 
splicing regulators Nova, Mbnl, Ptbp and Rbfox (Raj and Blencowe 2015). 
Nova 
Nova (neuro-oncological ventral antigen) family consists of two RNA-binding 
proteins named Nova1 and Nova2. Nova proteins are expressed at different level in most 
adult neurons and localize mainly to nucleus (Buckanovich, Posner, and Darnell 1993; 
Yang, Yin, and Darnell 1998).  
They recognize clusters of YCAY motifs using three KH-type RNA-binding 
domains (Buckanovich and Darnell 1997; Ule et al. 2003; Lewis et al. 1999). One known 
mechanism by which Nova promotes exon exclusion is interference with U1 snRNP 
binding to 5’ splice site in the intron immediately downstream of an alternative exon (Ule 
et al. 2006). Nova can also promote exon inclusion by enhancing spliceosome assembly 
by an as yet unknown mechanism (Ule et al. 2006). 
Nova1 null mice are phenotypically indistinguishable from their littermates at 
birth. At later time points, however, an extensive apoptosis of the brain stem and spinal 
motor neurons results in severe motor failure and eventual death 1-2 weeks after birth 
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(Jensen et al. 2000). Hippocampal neurons of Nova2 null mice display a significant 
defect in long-term potentiation (LTP) of slow inhibitory postsynaptic currents (sIPSC) 
and the mice live only up to 2-3 weeks after birth (Huang et al. 2005). 
Nova1 and Nova2 are thought to be largely redundant in their splicing function 
and the differential manifestation of single knockout likely results from variable levels of 
the two proteins in specific neuronal subtypes (Ule et al. 2005). Consistently, double 
knockout of Nova1 and Nova2 in mice results in more severe phenotypes including 
paralysis and death immediately after birth (Ruggiu et al. 2009). The postnatal and 
progressive occurrence of phenotypes suggests the importance of Nova for the later 
stages of neuronal development.  
Nova-regulated alternative exons are enriched in transcripts encoding synaptic 
proteins (GluR6, syntaxin2, calsyntenin), extracellular matrix proteins (agrin), ion 
channels (Kcnq2, Cav2.2, GIRK2), cell adhesion proteins (synCAM, LAR, Chi1), and 
cytoskeleton-associated proteins (AnkG, Clasp2, αII-spectrin, Tpm3, protein 4.1R) (Ule 
et al. 2005; Zhang et al. 2010). Some of the best-studied Nova-regulated alternative exons 
are found in agrin (Agrn), an extracellular matrix protein produced by motor neurons, and 
Dcc (deleted in colorectal carcinoma), a transmembrane receptor protein (Ule et al. 2005; 
Ruggiu et al. 2009; Leggere et al. 2016). Agrin is essential for aggregation of 
acetylcholine receptors (AChR) at neuromuscular junction (Nitkin et al. 1987; Gautam et 
al. 1996). Nova proteins promote alternative exon inclusion to generate an agrin protein 
isoform that is more potent in aggregation of AChR (Ruggiu et al. 2009). Dcc is a 
receptor for netrin with a role in cell migration, axon outgrowth, axon guidance and 
synaptogenesis (Mehlen and Tauszig-Delamasure 2014; Killeen 2009; Dickson and Zou 
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2010). Nova-regulated alternative splicing of Dcc produces an isoform that differs in a 
linker peptide between two extracellular fibronectin repeat protein domains and Nova1/2 
depletion by RNAi in cultured mouse embryos reduces migration of spinal interneurons, 
disturbs the axon outgrowth and axon guidance (Leggere et al. 2016). The phenotypes 
can be rescued by overexpression of the Nova-dependent Dcc isoform.  
Nova1/2 are targeted by autoimmune response in patients with paraneoplastic 
opsoclonus myoclonus ataxia (POMA), a rare syndrome marked by a loss of inhibitory 
motor control in the eyes, limbs and trunk (Darnell and Posner 2003). 
Mbnl 
Mbnl2 is the predominant Mbnl (muscleblind-like) family protein expressed in 
postmitotic neurons and it is upregulated during neuronal maturation together with Mbnl1 
(Fardaei et al. 2002; Kanadia et al. 2003; Konieczny, Stepniak-Konieczna, and Sobczak 
2014). Mbnl3 is not expressed in neurons. 
All three Mbnl proteins contain four zinc finger domains that recognize clusters of 
YGCY motifs in RNA (Pascual et al. 2006; Wang et al. 2012; Charizanis et al. 2012). 
Mbnl1 and Mbnl2 localize to both nucleus and cytoplasm (Fardaei et al. 2002). In 
nucleus, they can promote both inclusion and exclusion of alternative exons based on the 
position of the bound motifs, similar to Nova and several other RBPs described below 
(Wang et al. 2012; Charizanis et al. 2012; Konieczny, Stepniak-Konieczna, and Sobczak 
2014). When recruited to an intron upstream of an alternative exon, Mbnl proteins 
typically promote inclusion of the alternative exon and binding to a downstream intron 
typically results in exclusion of the alternative exon (Charizanis et al. 2012; Wang et al. 
2012). The mechanism of Mbnl-enhanced exon exclusion was described for Tnnt3 
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cassette exon where Mbnl1 interacts with stem-loop structure in the 3’ portion of an 
upstream intron to block binding of U2AF65, a non-snRNP protein that is important for 
recruitment of U2 snRNP (Warf et al. 2009). The exact mechanism of Mbnl-mediated 
exon inclusion remains elusive. One explanation comes from study of INSR alternative 
cassette exon where Mbnl1 binds to 5’ portion of the downstream intron. There is no 
effect of Mbnl1 binding on recruitment of U1 snRNP to the 5’ splice site of the 
downstream intron (Echeverria and Cooper 2014). Instead, Mbnl1 binding enhances 
U2AF65 recruitment to 3’ splice site in the upstream intron (across the exon) and 
promotes removal of the intron, which results in exon inclusion. 
Knockout mouse models were helpful in elucidating the functional importance of 
Mbnl proteins. Mbnl1 null mice are viable but display severe muscle-related phenotypes 
including myotonia, which is consistent with the high expression of Mbnl1 in muscle 
tissue in addition to neurons (Suenaga et al. 2012). These knockout mice demonstrate 
only mild behavioral abnormalities (motivational deficit, high levels of thigmotaxis) and 
only 14 mis-spliced alternative exons were detected in brain using splicing-sensitive 
microarrays. The small number of deregulated exons is not surprising because Mbnl 
family proteins are thought to be largely functionally redundant and most neurons express 
also high levels of Mbnl2 (Konieczny, Stepniak-Konieczna, and Sobczak 2014; Kanadia 
et al. 2003). Mbnl2 expression is very low in adult skeletal muscle (Konieczny, Stepniak-
Konieczna, and Sobczak 2014) and Mbnl2 knockout mice are viable and do not develop 
any overt skeletal muscle pathology or motor deficits (Charizanis et al. 2012). However, 
they do demonstrate neurological phenotypes including increased REM sleep propensity, 
impaired spatial memory and increased seizure susceptibility. Several hundreds of 
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deregulated exons were detected in the Mbnl2 knockout hippocampi using exon-junction 
microarrays and RNA-seq (Charizanis et al. 2012). Overall, both Mbnl1 and Mbnl2 
knockout models retain immature-like splicing profile, which suggests they are important 
for the developmental switch to isoforms expressed in mature neurons (Charizanis et al. 
2012; Wang et al. 2012). The Mbnl targets these studies identified included many ion 
channels (i.e. Cacna1d, Kcnma1) and cytoskeleton associated proteins (i.e. Add1, Spna2, 
Dlg2). 
Mbnl1 loss-of-function contributes to the pathological phenotypes in myotonic 
dystrophy where microsatellite C(C)TG expansions express toxic, repeat-containing 
RNAs that are bound by Mbnl and deplete it from the remaining nucleoplasm (Brook et 
al. 1992; Mahadevan et al. 1992). A causal link between Mbnl and any neurological 
disorders not related to myotonic dystrophy was not established yet.  
Ptbp 
Ptbp (polypyrimidine tract-binding protein) family consists of Ptbp1, Ptbp2 
(neuronal Ptbp (nPtbp)) and Ptbp3. Ptbp3 is mainly expressed in hematopoetic cell 
lineages (Yamamoto et al. 1999). Ptbp1 is expressed in most non-neuronal cell-types, and 
in neuronal progenitors but its expression level is reduced upon neuronal differentiation 
(Makeyev et al. 2007; Boutz et al. 2007). Ptbp2 begins to be expressed in neuronal 
progenitors and its level progressively decreases with maturation of a postmitotic neuron 
(Zheng et al. 2012). 
Both proteins localize primarily to the nucleus (Kamath, Leary, and Huang 2001) 
where they bind CU-rich RNA sequences using four RRM (RNA recognition motif) 
domains (Garcia-Blanco, Jamison, and Sharp 1989; Licatalosi et al. 2012; Auweter, 
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Oberstrass, and Allain 2007). It was shown that Ptbp1 is able to antagonize the binding 
and activity of core spliceosome factors (Izquierdo et al. 2005; Paradis et al. 2007; Xue et 
al. 2009). 
Ptbp2 null mice display premature neurogenesis, have reduced neural progenitor 
pool and die shortly after birth (Licatalosi et al. 2012). Emx1-Cre induced conditional 
knockout of Ptbp2 in postmitotic higher forebrain neurons (cortex, hippocampus, 
olfactory neurons) led to death of mice in 2-3 weeks after birth and was preceded by 
widespread neuronal death (Li et al. 2014).  
Genome-wide analyses of Ptbp2-regulated exons revealed that the most prevalent 
type of splicing regulation is exclusion of adult-specific alternative exons (Licatalosi et 
al. 2012; Li et al. 2014; Boutz et al. 2007). It generally acts antagonistically to Nova, 
Mbnl and Rbfox by inhibiting neuronal maturation splicing program (Raj and Blencowe 
2015). Ptbp2 target exons are found in transcripts encoding proteins associated with 
control of cell fate and cell division (Numb, Prox1, Erbb), actin cytoskeleton (Actn1, 
Dnmn1) and synapse (Agrn, Dlg4 (Psd-95), Gphn). One well characterized Ptbp target is 
a cassette exon in transcript of Psd-95 (Dlg4) (Zheng et al. 2012), a protein essential for 
synaptic maturation and plasticity (Sheng and Kim 2011). Both Ptbp1 and Ptbp2 repress 
inclusion of the cassette exon that generates an NMD-degraded transcript because of a 
premature termination codon (Zheng et al. 2012). Developmental downregulation of Ptbp 
is necessary for timely inclusion of the exon, production of full-length Psd-95 protein, 
and synapse assembly. 




Rbfox (RNA-binding fox-1 homolog) proteins family consists of Rbfox1 
(A2bp1), Rbfox2 (Rbm9) and Rbfox3 (NeuN) (Skipper, Milne, and Hodgkin 1999; Jin et 
al. 2003; Underwood et al. 2005; Nakahata and Kawamoto 2005; Mullen, Buck, and 
Smith 1992; Kim, Adelstein, and Kawamoto 2009). All three Rbfox proteins are highly 
expressed in mature neurons, although their expression patterns differ during 
development. While Rbfox1 and Rbfox3 are induced in early postmitotic neurons and 
their level progressively increases with maturation, Rbfox2 is expressed already in 
pluripotent stem cells and peaks in the embryonic neurons. Rbfox2 localization is strictly 
nuclear but Rbfox1 and Rbfox3 localize to both nucleus and cytoplasm where they can 
potentially take a part in other aspects of posttranscriptional RNA regulation like 
regulation of RNA stability and translation (Lee et al. 2016), in addition to their best 
studied role in regulation of RNA splicing.  
All three proteins bind with high affinity to the (U)GCAUG motif using a single 
RRM (RNA recognition motif) domain (Jin et al. 2003; Auweter et al. 2006; Weyn-
Vanhentenryck et al. 2014). It is unknown whether there is a general molecular 
mechanism by which Rbfox proteins regulate alternative splicing but studies of 
individual target exons identified several splicing steps that can be modulated by Rbfox 
binding to pre-mRNA. Rbfox binding to an intron upstream of an alternative exon 
typically results in exon exclusion (Zhang et al. 2008; Weyn-Vanhentenryck et al. 2014). 
As an example, Rbfox2 locally inhibits early spliceosome assembly by preventing SF1 
binding to a branch point and U2 snRNP binding to the 3’ splice site in the upstream 
intron leading to alternative exon exclusion in calcitonin/CGRP (Zhou and Lou 2008). 
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Rbfox binding to an intron downstream of an alternative exon typically results in exon 
inclusion (Zhang et al. 2008; Weyn-Vanhentenryck et al. 2014). The mechanism of 
inclusion was studied for an alternative cassette exon in protein 4.1R where Rbfox2 binds 
to a downstream intron and recruits U1 snRNP to the 5’ splice site via direct interaction 
(Huang et al. 2012).  Recently, Rbfox proteins were found to be a part of LASR (large 
assembly of splicing regulators) where they were shown to be able to promote exon 
exclusion without directly binding to RNA (Damianov et al. 2016). The RNA-binding 
component of LASR complex is hnRNP M. 
Several Rbfox knockout mouse models were established that demonstrated their 
importance for normal neuronal function. Knockout of Rbfox1 in neurons using nestin-
Cre conditional approach led to viable mice with infrequent spontaneous seizures, and 
increased sensitivity to kainate-induced seizures that led to status epilepticus and death 
only in the knockout mice (Gehman et al. 2011). The phenotype is consistent with 
increased excitability of dentate gyrus neurons in Rbfox1 knockout. Rbfox2 nestin-Cre 
knockout disrupts cerebellar development and the mice are prone to hydrocephalus 
(Gehman et al. 2012). The females survive but the males fail to thrive and >40% dies 
during the first month after birth. The source of the gender difference is unknown. It is 
important to note that in cerebellum, granule layer neurons express Rbfox1 and Rbfox3, 
Purkinje neurons express Rbfox1 and Rbfox2 and molecular layer neurons express only 
Rbfox2. The authors next focused on characterization of Purkinje neurons that are 
morphologically easily distinguishable neuronal subtype that controls the sole output of 
motor coordination in cerebellum. Purkinje neurons in these mice fail to migrate properly 
and have reduced dendritic trees. Rbfox1/2 nestin-Cre knockout is perinatally lethal 
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(Gehman et al. 2012). Purkinje cell-specific knockout of both Rbfox1 and Rbfox2 using 
L7-Cre is viable and did not exhibit abnormal cerebellar development. Because the L7 
promoter is active late in development reaching maximal activity 2-3 weeks after birth, 
the Purkinje cells express Rbfox proteins postmitotically at least 3 weeks after birth. 
However, Rbfox1/2 are completely depleted after 10 weeks, which leads to Purkinje cells 
with normal morphology but severely perturbed electrophysiological properties.  
Surprisingly, using RNA-seq only 20 statistically significant splicing changes 
were detected in Rbfox1 knockout brain and 29 changes in Rbfox2 knockout brain 
(Gehman et al. 2011; Gehman et al. 2012). The small effect of the Rbfox perturbation 
was puzzling but could be explained by multiple reasons. First, Rbfox proteins bind the 
same UGCAUG motif (Zhang et al. 2008; Weyn-Vanhentenryck et al. 2014). Second, 
most neurons express multiple Rbfox proteins. Third, biochemical assays showed that 
Rbfox proteins can be interchangeable in splicing regulation (Sun et al. 2012), implying 
that Rbfox protein might be functionally redundant. This hypothesis was further 
supported by HITS-CLIP (cross-linking and immunoprecipitation followed by high-
throughput sequencing) analyses of Rbfox1, Rbfox2 and Rbfox3 in mouse brain, which 
demonstrated that the binding of Rbfox proteins is highly overlapping (Weyn-
Vanhentenryck et al. 2014). These experiments in combination with the integrative 
modeling using Bayesian network statistical approach predicted that there are not tens but 
many hundreds of alternative exons regulated by Rbfox. These exons are enriched in 
autism-susceptibility genes. Many of the targets encode ion channels (Scn8a, 
Cacna1c/d/g, Scn2a1, Kcnma1), cell adhesion proteins (Fat1, Nrcam, Nrxn1/3), and 
synaptic proteins (Cadps2, Lrrc7).  
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Scn8a encodes a voltage-gated sodium ion channel known as Nav1.6 and the 
transcript contains mutually exclusive exons developmentally regulated by Rbfox. 
(O’Brien et al. 2012; Gehman et al. 2012). This abundantly expressed ion channel is 
concentrated in the axon initial segment and nodes of Ranvier where it has a role in 
facilitation of action potential initiation and propagation (Lorincz and Nusser 2008; 
Rasband and Peles 2016; Royeck et al. 2008; Levin et al. 2006). In the absence of Rbfox, 
an NMD isoform of Scn8a is expressed due to inclusion of the first of two mutually 
exclusive exon, which introduces a frame-shift and premature termination stop codon 
(Gehman et al. 2012; O’Brien et al. 2012). Rbfox promotes inclusion of the second exon 
and production of the full-length protein product.  
Another example is two mutually exclusive cassette exons in Snap25. Snap25 is a 
t-SNARE protein taking a part in synaptic vesicle docking and fusion during 
neurotransmission (Jahn and Scheller 2006). The two protein isoforms produced by 
inclusion of either exon are known to have different subcellular localization (Johansson et 
al. 2008). Uniquely, isoform-specific mouse model was established by replacement of the 
second mutually exclusive exon with the first mutually exclusive exon so that both 
splicing events produce the first SNAP25 isoform, which is expressed earlier in 
development (Johansson et al. 2008). The SNAP25 genetic modification resulted in 
developmental defects, spontaneous seizures and impaired short-term synaptic plasticity.  
A mechanistic link between Rbfox mutations and neurological disorders is still 
missing. Nevertheless, the ever-increasing number of Rbfox mutations found in patients 
with autism spectrum disorder, schizophrenia, epilepsy and mental retardation and the 
large number of disease-associated Rbfox targets are hinting that perturbation of Rbfox 
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regulatory function is directly involved (Conboy 2016). 
Questions pertaining to regulation of neuronal maturation by RNA splicing factors 
Many of the cellular processes underlying neuronal maturation are still 
understood only at a very descriptive level. For example, the actin/αII-spectrin/βII-
spectrin/AnkB periodic lattice of axonal cytoskeleton is known to be formed in the 
maturing neurons (Zhong et al. 2014) but no change in the properties of the involved 
proteins was yet described. Similarly, AnkG replaces the AnkB in proximal axon and 
recruits βIV-spectrin and other components of AIS but it is itself expressed several days 
before the integration (Zhong et al. 2014; Le Bras et al. 2014; Freal et al. 2016). What 
drives assembly of the subcellular structures essential for function of the mature neurons?  
The most frequent answer that is used to explain the developmental changes is 
that an increased transcription of the involved proteins is necessary to induce formation 
of the structures. However, a direct evidence for the “critical concentration” model is not 
always provided. For example, it was proposed that the gradually increasing AnkG 
protein expression is the driving force in AIS assembly (Galiano et al. 2012) but it was 
not shown whether its overexpression in young neurons would result in its correct 
integration into the periodic lattice pattern.  
This bias towards transcriptional regulation arisen likely due to limited resolution 
of the laboratory techniques commonly used for detection of RNA and proteins 
(microarrays, quantitative real-time PCR, immunostaining, immunoblotting) that require 
additional effort to detect splicing isoforms or posttranscriptional and posttranslational 
modifications of both RNA and proteins. The resolution was much increased with 
introduction of RNA-seq, tandem mass-spectrometry and derived approaches that keep 
		 42	
revealing an ever-increasing complexity of co-/post-transcriptional and posttranslational 
regulation. 
An alternative scenario is that the functional properties of the involved proteins 
change qualitatively. As I described above, the alternative splicing has potential to 
regulate protein expression level as well as qualitatively modulate protein function. In the 
following pages, I summarize my work examining the role of Rbfox protein family in the 
alternative splicing during neuronal development. Specifically, I will address the 
following questions: Which alternative exons require Rbfox regulation? Are Rbfox 
proteins necessary for neuronal differentiation or neuronal maturation? Which specific 
cellular functions are affected by loss of Rbfox? And how does developmental change in 
alternative splicing affect properties of the proteins involved in mature neuronal 
function? 
 
CHAPTER 2: ESTABLISHMENT OF IN VITRO NEURONAL MATURATION 
EXPERIMENTAL SYSTEM 
Introduction 
Rbfox proteins are predicted to regulate hundreds of alternative exons in the 
developing nervous system but only few exons are deregulated upon knockout of a single 
Rbfox protein (Gehman et al. 2011; Gehman et al. 2012; Weyn-Vanhentenryck et al. 
2014). To start dissecting the role of Rbfox protein family in neuronal development, I 
decided to establish a physiologically relevant experimental system where all three Rbfox 
proteins could be depleted and where rapid genetic manipulation of alternative isoforms 
would be possible. 
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I chose to use directed in vitro differentiation of mouse embryonic stem cells 
(mESCs) into spinal ventral neurons (SVNs) (Wichterle et al. 2002). A major advantage 
of this experimental system is that mESC can be rapidly and efficiently genetically 
engineered using CRISPR/Cas9-mediated genome engineering that makes it more 
feasible to simultaneously knockout multiple genes and genetically manipulate 
alternative exons. The previously established in vitro differentiation protocol is highly 
reproducible. It uses retinoic acid and sonic hedgehog agonist to induce ventral spinal 
neuronal-fate and generates a mixed population of spinal neurons enriched for motor 
neurons (MNs) that make up to 30-40% of the cells (Wichterle et al. 2002).  
I profiled the maturing SVN neurons at several timepoints to characterize the 
maturation-dependent changes in gene expression and alternative splicing. Because the 
neuronal maturation program is expected to be similar among neuronal subtypes, in vivo 
RNA-seq data obtained by Chaolin Zhang’s laboratory (Weyn-Vanhentenryck et al., n.d.) 
from developing mouse cortex was used to assess the developmental progression of in 
vivo and in vitro maturing cells.   
Results 
To mature spinal neurons in vitro, I dissociated embryoid bodies on day 6 of 
differentiation and plated the cells as a monolayer culture in neuronal media 
supplemented with mitotic inhibitors (UFDU) and neurotrophic factors (BDNF, GDNF) 
to prevent expansion of glial progenitors and to promote neuronal maturation, 
respectively. Neurons rapidly elaborated branched processes, increased their soma size 
and by 5 days after plating (D5) most cells fired trains of action potentials upon 
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To characterize the transcriptomic changes in the maturing mESC-derived ventral 
spinal neurons and to compare these with transcriptomic profiles of the developing mouse 
cortical tissue, RNA-seq was performed at three time points (D1, D5 and D10). Using a 
computational tool Splicescope developed in Chaolin Zhang’s laboratory to stage 
neuronal maturation based on gene expression and splicing profiles (Weyn-
Vanhentenryck et al., n.d.), I found that mESC-derived spinal neurons progressed from 
maturation stage 1 at D1 to stage 2 at D5 and stage 4 at D10, roughly equivalent to E14.5, 
E16.5 and P4 in the mouse cortex (Fig.2-2A, B).  
Figure 2-2: Comparison of gene expression and alternative splicing profile of in vitro 
maturing ventral spinal neurons and developing cortex. Maturation of neurons is 
staged by their gene expression (A) or splicing (B) profiles using cortex samples as a 
reference. Additional samples derived from different types of neurons or CNS tissues are 
shown in washed-out colors for comparison.  
 
To visualize groups of exons with different temporal regulation of alternative 
splicing, all cassette exons differentially spliced in developing cortex were grouped into 
four clusters (M1, M2, M3, M4) and ordered inside the cluster based on the inclusion 
level (e.g. M1+, M1-) (Fig.2-3A). Splicing profiles of the same exons obtained from 













2 Gene expression 












2 Alternative splicing 
B 
		 46	
maturing spinal neurons undergo changes mainly in the developmentally early switched 
alternative exons. The direction of the alternative splicing changes is in good agreement 
with the cortical samples. For exons showing significant splicing changes in both 
experimental systems, 95% (257/270) changed coherently (Fig. 2-3B). Splicing profiles 
of several selected alternative exons were confirmed using semi-quantitative RT-PCR 
and the trends were consistent between the in vitro and the in vivo samples (Fig. 2-3C). 
 
 
Figure 2-3: Differential analysis of alternative splicing in developing mouse cortex 
and in vitro maturing spinal neurons (A) Four modules of exons show distinct 
temporal patterns of splicing in developing cortex (left) and spinal neurons (right). (B) 
Overlap between exons showing developmental splicing changes in the cortex and exons 
showing splicing changes in developing spinal neurons. Exons with increased or 
decreased inclusion in each module and direction are shown separately. The number of 
exons in each group is indicated. (C) A select subset of developmentally regulated exons 
was analyzed for their splicing changes in developing cortex (left) and motor neurons 
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Overall, characterization of the in vitro culture indicated that ESC-derived spinal 
neurons undergo a process of molecular, morphological, and functional maturation that 
parallels the normal maturation of neurons in vivo. 
Discussion 
Many aspects of neuronal development can be modeled in vitro. Here, I have 
shown that the early transcriptional and splicing programs are faithfully executed in ES-
derived spinal neurons. The neurons develop morphologically, electrophysiologically and 
as I will show in Chapter 4, successfully assemble the axon initial segment.  
However, this neuronal culture paradigm is simplified and it is inherently missing 
some important factors. First, the lack of other relevant cell types like oligodendrocytes, 
Schwann cells and muscle cells means that myelination, myelination-dependent assembly 
of nodes of Ranvier and formation of neuromuscular junction cannot be studied using this 
system. Second, the artificial organization of the cells in culture in comparison to in vivo 
neuronal circuits will likely affect the fine-tuning of morphology and electrophysiology. 
However, despite some caveats that have to be considered when interpreting the data, the 
in vitro experimental system is invaluable for mechanistic studies of the early neuronal 
maturation using parallel cultures of wild-type and mutant neurons, as I will demonstrate 







CHAPTER 3: GENE EXPRESSION AND ALTERNATIVE SPLICING IN RBFOX 
TRIPLE KNOCKOUT NEURONS, AND IDENTIFICATION OF DIRECT 
RBFOX TARGETS 
Introduction 
The three Rbfox proteins (Rbfox1, Rbfox2, Rbfox3) each contain a single highly 
homologous (>90%) RNA recognition motif (RRM) that specifically binds the 
(U)GCAUG motif (Conboy 2016). Evidence from previously published HITS-CLIP 
analysis and the fact that only a small number of exons are deregulated upon single 
Rbfox knockout strongly suggests partial functional redundancy of the Rbfox proteins 
(Weyn-Vanhentenryck et al. 2014; Gehman et al. 2011; Gehman et al. 2012). How can 
we reveal the functional importance of Rbfox in neuronal development? 
The Douglas Black group took up the challenge of knocking out Rbfox in mouse. 
They found that nestin::Cre driven neuronal conditional knockout of both Rbfox1 and 
Rbfox2 simultaneously is embryonic lethal (Gehman et al. 2012). The brain tissue was 
reported to be too fragile to be used for immunostaining analyses. To avoid the 
embryonic lethal phenotype, they next performed conditional double knockout of Rbfox1 
and Rbfox2 only in Purkinje cells. This neuronal subtype does not express Rbfox3, which 
means that the double knockout effectively depletes all Rbfox proteins from those cells. 
The knockout Purkinje cells displayed defect in migration and decrease in ability to fire 
trains of action potentials. Unfortunately, Purkinje cells are a minor neuronal subtype and 
the group was not able to perform RNA-seq profiling or any follow-up biochemical 
studies. 
Characterization of the splicing defects is important for understanding the role of 
Rbfox in developmental splicing regulation and for obtaining an overview of affected 
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RNA targets that could lead to discovery of novel cellular phenotypes. One caveat 
associated with interpretation of the RNA-seq data is that some of the splicing changes 
might be result of indirect Rbfox regulation. For example, Rbfox splicing regulation of 
another splicing factor could result in secondary splicing changes. To address this issue, 
biochemical evidence of direct regulation is required.  
To overcome the challenges associated with functional redundancy of Rbfox 
proteins, I used CRISPR/Cas9-mediated genome engineering to generate mES cell line 
where Rbfox1, Rbfox2 and Rbfox3 genes are simultaneously disrupted. My strategy is 
based on Cas9-induced targeted homologous recombination of two stop codons and a 
frameshift mutation into a coding exon of the Rbfox genes using a single stranded donor 
DNA oligonucleotide. The selected exons are the most upstream exons shared by all 
Rbfox splicing isoforms and they are preceding a coding region for RRM. The 
perturbation of the coding sequence should result in production of truncated protein in the 
first round of translation and a subsequent degradation of the Rbfox mRNA by nonsense 
mediated decay mechanism (NMD). Although Rbfox1 and Rbfox3 expression is initiated 
in postmitotic neurons, Rbfox2 is expressed already in mESC. To test whether the 
knockout has any severe effects on mESC, Rbfox2 was knocked out first and an assay to 
test cell proliferation and immunostaining for pluripotent marker Oct4 was performed.  
Next, Rbfox1 and Rbfox3 were knocked out one-after-another and the triple 
knockout (Rbfox tKO) cell line differentiation and neuronal survival were tested before 
proceeding to RNA-seq analysis of both WT and Rbfox tKO ventral spinal neurons at 
multiple timepoints. The WT data from these experiments was shown in Chapter 2.  
Chaolin Zhang’s laboratory developed a computational approach for prediction of 
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alternative exons directly regulated by specific RNA-binding proteins using Bayesian 
network-based statistical model (Weyn-Vanhentenryck et al. 2014). The model integrates 
data that provide evidence of direct regulation: differential inclusion of the exon upon 
knockout of the regulator (RNA-Seq), presence of a known RNA-binding motif in 
proximity of the regulated exon, evolutionary conservation of the motif site, and binding 
of the regulator in vivo as assayed by HITS-CLIP (crosslinking and immunoprecipitation 
followed by high-throughput sequencing). I performed HITS-CLIP for all three Rbfox 
proteins (two replicates for each) in WT ventral spinal neurons matured for 10 days in 
vitro. The HITS-CLIP allows isolation of the specific RNA-binding protein together with 
the fragments bound RNA that is covalently cross-linked to it after ultraviolet light 
illumination. The precise size of binding is identified by computational analysis that 
detects mutations (typically deletion or substitution) in the sequenced DNA created by 
reverse transcriptase at the site of cross-link. Finally, I used the list of the identified 
deregulated exons to infer which mature neuronal function might be regulated Rbfox. 
Results 
Establishment and characterization of Rbfox triple knockout cell line 
The first step in identifying the Rbfox-dependent alternative exons was 
establishment of Rbfox triple knockout (tKO) mouse embryonic stem cells. I used 
CRISPR/Cas9 genome engineering to introduce insertion mutation disrupting coding 
potential of Rbfox genes and allowing simple genotyping of the mES clones, respectively 
(Fig.3-1A). The genotyping with mutation specific set of primers (F2+R) identified the 
candidate clones containing the insertion mutation and the homozygosity of the mutation 
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was confirmed by restriction digestion of PCR product generated with an outer set of 
primers (F1+R) (Fig.3-1B).  
In contrast to Rbfox1 and Rbfox3, the Rbfox2 protein is expressed already in 
mESC and I was able to confirm its depletion in the tKO mESC by immunostaining 
(Fig.3-1C). The tKO mES colonies were morphologically indistinguishable from WT and 
both cell lines expressed comparable levels of Oct4 transcription factor, a marker of 
pluripotent state of stem cells. The proliferation of tKO mES cells was similar to WT 










Figure 3-1: Establishment and characterization of Rbfox tKO mES cell line. (A) 
Transient co-expression of Cas9 and target specific gRNA in mESC co-transfected with 
single stranded donor DNA oligonucleotide (ssDNA) resulted in homologous 
recombination of the donor sequence encoding stop codons (STOP), and a restriction site 
for genotyping (R.E.). A set of mutation specific (F2+R) and outer primers (F1+R) was 



























































used to confirm homozygosity of the knockout mutation by PCR genotyping combined 
with restriction digestion. PCR product of a homozygous clone was fully cleaved. (C) 
Immunostaining analysis of WT and tKO mESC. The mESC colonies cultured on a layer 
of feeder fibroblasts were stained for Rbfox2 to test depletion of the protein and for 
transcription factor Oct4 that marks pluripotent stem cells. Scale bar: 100µm. (C) 
Proliferation of WT and tKO mESC was measured by counting the cell number of 
simultaneously cultured cells. (two-way repeated measures ANOVA, post hoc 
Bonferroni’s multiple comparisons test, **p<0.01, n.s. p>0.05, n=3; error bars represent 
standard error of the mean (S.E.M.)). 
 
Next, I compared the differentiation efficiency of both cell lines by differentiating 
them simultaneously into motor neurons (Fig.3-2A). The analysis revealed no defect in 
differentiation of the tKO ES cells into motor neurons or neurons in general (Fig.3-2B). 
Both WT and tKO cell lines yielded ~80% neurons expressing pan-neuronal somato-
dendritic marker Map2, out of which approximately one third expressed motor neuron 
nuclear marker Hb9.   
Depletion of all three Rbfox proteins in differentiated neurons was confirmed by 
both immunostaining and immunoblotting (Fig.3-2C, D). The immunostaining 
additionally confirmed the expected patterns of Rbfox localization in the in vitro matured 
WT motor neurons. Rbfox2 is strictly nuclear while Rbfox1 and Rbfox3 localize to both 
the nucleus and the cytoplasm – Rbfox3 being more enriched in the cytoplasm than 
Rbfox1.  
Finally, I tested whether the depletion of Rbfox impairs survival of the motor 




Figure 3-2: Characterization of Rbfox tKO neurons. (A) Representative 
immunostaining images of WT and tKO motor neuron differentiation (day 2 of 
maturation).  Map2 and Hb9 are pan-neuronal and motor neuron marker, respectively.  
Scale bar: 50 µm. (B) Quantification of WT and tKO motor neuron differentiation (two-
way ANOVA, post hoc Bonferroni’s multiple comparisons test, n=4); error bars represent 
standard error of the mean (S.E.M.). (C) Validation of Rbfox depletion in tKO motor 
neurons based on immunostaining analysis on day 5. Neuronal morphology was 
visualized after transfection of GFP-expressing plasmid and motor neurons were 
identified by antibody staining of the endogenous Hb9 protein. Depletion of Rbfox 
proteins is determined by antibody that specifically recognizes each Rbfox family 
member. Scale bar: 50 µm. (D) Depletion of Rbfox proteins was confirmed by 









D1 D2 D5 
WT 
tKO 
day x GFP+/RFP+  
day 1 GFP+/RFP+ WT/WT 
WT/tKO 
n.s. n.s. 
Map2 Hb9 DAPI 
WT tKO 






































GAPDH is included as a loading control. (E) Quantitative analysis of survival of WT and 
tKO motor neurons in in vitro culture. Schematic illustration of a two-color survival 
assay is shown on the left.  Normalized survival is shown on the right (two-way repeated 
measures ANOVA, post hoc Bonferroni’s multiple comparisons test, average N=60 in 
each group, n=3 replicates); error bars represent standard error of the mean (S.E.M.). 
 
Rbfox tKO neurons fail to execute the neuronal maturation splicing program 
Are Rbfox proteins required to drive the developmental changes in gene 
expression and alternative RNA splicing in maturing neurons? I isolated RNA from the 
WT and the tKO spinal ventral neurons on day 5 (D5) and day 10 (D10) of maturation 
and performed RNA-Seq to answer this question. A surprisingly small number of genes 
(5 on day 5 and 63 on day 10 – includes Rbfox1, Rbfox2, and Rbfox3) showed significant 
expression changes in the tKO neurons (>1.5 fold change, FDR<0.05; Fig.3-3A). Global 
analysis of the transcriptional profiles using SpliceScope (Weyn-Vanhentenryck et al., 
n.d.) revealed no difference in the maturation staging of WT and tKO neurons, 
consistently with the minimal changes observed in RNA steady-state level (Fig.3-3B).  
In contrast, dramatic changes in alternative splicing were detected, including 531 
previously annotated cassette exons on D5 and 599 exons on D10 (|ΔΨ|≥0.1 and 
FDR≤0.05; Fig.3-3C).  Global analysis of the splicing changes revealed that the D10 
neurons lacking Rbfox proteins remain at maturation stage 2 while the WT neurons reach 
stage 4 (Fig.3-3D). Both the number of the affected exons and the magnitude of the 
splicing changes observed in the tKO neurons were much larger than those observed in 
recently reported Rbfox1/3 double knockdown in hippocampal neurons (J. A. Lee et al. 
2016) (Fig.3-3E) or in Rbfox1 or Rbfox2 single knockout brains (Gehman et al. 2011; 
Gehman et al. 2012), suggesting the importance of complete Rbfox depletion to uncover 
the full complement of alternative splicing events they regulate.  
		 55	
The cassette exons are the most common type of alternative splicing event. 
However, to get a more complete view of the splicing defect in tKO neurons, the splicing 
profile analysis was extended to all other types of alternative exon and it included novel 
alternative exons previously identified by a computational approach developed Chaolin 
Zhang’s laboratory (Yan et al. 2015; Wu et al. 2013). In total, 2833 alternative exons are 
deregulated by triple knockout of Rbfox in D10 maturing neurons (|ΔΨ|≥0.1 and 
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Figure 3-3: RNA-seq profiling of gene expression and alternative splicing in WT and 
Rbfox tKO neurons. (A) Differential gene expression analysis of WT versus tKO 
neurons.  Genes with significant differential expression at D10 are shown in blue (>1.5 
fold change, FDR<0.05).  Rbfox1, 2 and 3 genes are highlighted in the volcano plot. (B) 
Comparison of maturation stages of WT and tKO neurons based on gene expression 
profile analysis using SpliceScope. (C) Differential splicing analysis of cassette exons in 
WT versus tKO neurons. The scatter plot shows the magnitude of splicing changes (ΔΨ) 
at the two time points. Only cassette exons with significant splicing changes (at time 
point D5 or D10) are shown. The correlation of splicing changes between the two time 
points is indicated. (D) Comparison of maturation stages of WT and tKO neurons based 
on alternative splicing profile analysis using SpliceScope. (E) Comparison of splicing 
changes in tKO neurons and Rbfox1/3 double knockdown hippocampal neurons (Lee et 
al. 2016).  Only cassette exons with splicing changes in at least one dataset are shown. 
(F) Summary of all types of splicing events significantly deregulated on maturation day 
10 in tKO neurons (CASS – cassette exon, TACA – tandem cassette exon, MUTX – 
mutually exclusive exon, ALT5 – alternative 5’ splice site, ALT3 – alternative 3’ splice 
site).   
 
In vivo RNA-binding analysis of Rbfox proteins using HITS-CLIP 
Rbfox proteins can regulate splicing by either directly binding to the (U)GCAUG 
elements or by being recruited to their target transcripts as a part of a large multiprotein 
complex (Nakahata and Kawamoto 2005; Zhang et al. 2008; Sun et al. 2012; Damianov 
et al. 2016).  To determine whether the dynamic splicing program altered in the tKO 
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Rbfox1, 2 and 3 binding sites by crosslinking and immunoprecipitation followed by high-
throughput sequencing (HITS-CLIP) in D10 WT neurons.  
All three Rbfox proteins are highly enriched in the intronic sequences but they 
also bind to 3’UTR (Fig.3-4A). The level of 3’UTR binding of the three Rbfox proteins 
differs and it correlates with the level of their cytoplasmic localization (Fig.2C). The 
binding pattern of Rbfox to RNA is in agreement with previously published results of 
Rbfox HITS-CLIP from mouse brain (Weyn-Vanhentenryck et al. 2014). As a part of 
quality assessment of the generated datasets, the data generated from the in vitro matured 
neurons were compared with the published data from mouse brain (Fig.3-4B). There was 
a high correlation in binding of Rbfox in the two datasets but a low correlation in binding 
of Rbfox and Nova, a neuronal maturation promoting splicing factor that binds to a 
different sequence element (Zhang et al. 2010; Ule et al. 2006) and was thus chosen as a 
negative control. Because the binding sites of the three Rbfox proteins were highly 
overlapping, the HITS-CLIP datasets generated for the three proteins independently were 
pooled in the subsequent analyses.  
If the cassette exons deregulated in Rbfox tKO neurons are directly regulated by 
Rbfox, there should be an enrichment of the (U)GCAUG binding sites in the proximity of 
the alternative exons. Indeed, the cassette exons deregulated in Rbfox tKO D10 neurons 
have an enrichment of the Rbfox-specific (U)GCAUG binding motif in the adjacent 
intronic regions and at the exon-intron boundary (Fig.3-4C).  
The cassette exons were divided into two groups based on whether there was a 
decrease in the inclusion upon Rbfox depletion (red, Rbfox promotes inclusion) or an 
increase in the inclusion upon Rbfox depletion (blue; Rbfox promotes exclusion). As 
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expected based on the known rule of position-dependent Rbfox regulation of splicing, the 
alternative cassette exons whose inclusion is promoted by Rbfox have an enrichment of 
(U)GCAUG motifs and Rbfox binding downstream and vice versa (Fig.3-4C, D).  
 
 
Figure 3-4: HITS-CLIP analysis of Rbfox binding in WT neurons on day 10 of 
maturation. (A) Genomic breakdown of position of Rbfox1, Rbfox2, and Rbfox3 unique 
CLIP tags. (B) Correlation of Rbfox1-3 binding profiles in in vitro cultured spinal 
neurons and in the mouse brain.  Correlation is calculated based on the number of CLIP 
tags in each CLIP tag cluster defined based on in vitro neuron CLIP data pooled together.  
The number of CLIP tags in each experiment is then counted.  The correlation between 
Rbfox and Nova binding profiles is shown as a negative control. (C) Normalized 
(U)GCAUG or (D) normalized CLIP score in the exonic or the flanking intronic 
sequences of Rbfox-depedent exons on day 10 (|ΔΨ|≥0.1 and FDR≤0.05). Exons with 
Rbfox-dependent inclusion are shown in red and exons with Rbfox-dependent exclusion 
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1 0.76 0.92 0.65 0.58 0.67 0.30 
0.76 1 0.87 0.76 0.91 0.70 0.26 
0.92 0.87 1.00 0.71 0.77 0.70 0.27 
0.65 0.76 0.71 1 0.78 0.94 0.36 
0.58 0.91 0.77 0.78 1 0.69 0.20 
0.67 0.70 0.70 0.94 0.69 1.00 0.37 














































Identification of alternative exons directly regulated by Rbfox 
The HITS-CLIP and RNA-seq datasets were used to perform integrative modeling 
of direct Rbfox target exons using a Bayesian network approach (Fig.3-5A). 547 cassette 
exons were identified as direct Rbfox targets, including about one-third representing 
ventral spinal neuron-specific targets when compared to a list derived from published 
datasets from cortical tissues and other cell types (Fig.3-5B) (Weyn-Vanhentenryck et al., 
n.d.).  
Importantly, when only direct Rbfox target exons were used to determine 
maturation stages, both D5 and D10 tKO neurons were assigned stage 1, which is less 
mature in comparison to the stage inferred from the overall splicing profile (Fig.3-5C, 
left). In contrast, when targets of several other RBPs were used for staging, the difference 
between WT and tKO neurons is moderate or completely diminished, especially after 
removal of the exons co-regulated by Rbfox (Fig.3-5C, right).  
In addition to identification of the directly regulated cassette exons, the in vitro 
spinal neuron RNA-seq and the HITS-CLIP data confirmed Rbfox regulation of the few 
well-known non-cassette exon targets like the mutually exclusive exons of Snap25 or 
tandem cassette exons of Camk2d (Fig.3-5D) (Gehman et al. 2012; Gehman et al. 2011).  
Finally, the integrative analysis allowed answering what is the function of the 
genes whose alternative exons are directly regulated by Rbfox. Gene ontology analysis 
revealed that the Rbfox targets are enriched in genes encoding cytoskeletal proteins and 
plasma membrane proteins (including ion channels) but also many actin cytoskeleton 
proteins and synaptic proteins (Fig.3-5E).  
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Figure 3-5: Identification and global characterization of Rbfox-regulated alternative 
exons. (A) Schematic showing the integrative modeling framework. (B) The comparison 
of Rbfox targets defined in in vitro cultured spinal neurons and those defined using data 
derived from mouse brain and other sources. (C) Maturation of WT and tKO neurons is 
staged using SpliceScope based on alternative splicing profiles of Bayesian network-
defined Rbfox target cassette exons (right). Results from target cassette exons of several 
366 exons 
shared 
MN targets  
(547 total) 
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other RBPs (Nova, Mbnl and Ptbp) are shown for comparison. (Left) The cassette exons 
coregulated by Rbfox were excluded from target exons regulated by Nova, Mbnl or Ptbp. 
(D) Two examples of known non-cassette exon targets of Rbfox. RNA-seq, Rbfox1-3 
pooled CLIP data and the Rbfox binding (U)GCAUG motif sites are shown as separate 
tracks in each panel. (E) Gene ontology (GO) analysis of genes containing Rbfox target 
exons.  
 
Rbfox proteins regulate alternative splicing of large number of axon initial segment 
proteins 
By detailed examination of the list of the Rbfox-regulated exons, I noticed that a 
high number of the Rbfox targets are components of the axon initial segment, including 
AnkG (Ank3) – a protein that is required for AIS assembly and maintenance (Hedstrom, 
Ogawa, and Rasband 2008; Jenkins and Bennett 2001; Galiano et al. 2012).  
 
Figure 3-6: Differential splicing 
analysis of Rbfox-regulated exons 
in genes encoding AIS-related 
proteins. Magnitude of Rbfox-
dependent splicing changes in AIS 
genes as measured by RNA-seq, 
and RT-PCR validation.  Exons 
with asterisk in the scatter plot 





After in-depth literature research, I compiled 32 known AIS-localized or AIS-
related (important for AIS but not localized to AIS – i.e. βII-spectrin) proteins (Fig.3-6A; 
Supplementary table: Rbfox targets in AIS genes). For 16 of these proteins (50%), I 












































7). Alternative splicing deregulation of all tested targets was confirmed by RT-PCR. The 
affected proteins include structural components of AIS like AnkG, Psd-93, actin 
cytoskeleton regulator α-adducin, microtubule polymerization regulator Eb3, and 
functional components of AIS like sodium channels generating the action potentials 
Nav1.6/1.2/1.1, potassium channel involved in regulation of resting membrane potential 



















Figure 3-7: Rbfox-regulated exons in genes encoding AIS-localized and AIS-related 
proteins. Genes encoding known AIS components are shown in the schematic diagram. 
Genes with Rbfox regulated exons as defined by Bayesian network and RNA-seq are 
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Rbfox proteins regulate alternative splicing of proteins involved in assembly and function 
of nodes of Ranvier 
The compositions of the axon initial segment and nodes of Ranvier (NoRs) are 
very similar and it is thus not surprising that many NoR-localized proteins are affected by 
knockout of Rbfox as well. In addition to the components shared with AIS, Rbfox 
depletion affected alternative splicing of phosphacan (Ptprz1), a protein tyrosine 
phosphatase, and versican V2 (Vcan), a large chondroitin sulfate proteoglycan that 
assembles the extracellular matrix surrounding the NoRs (Dours-Zimmermann et al. 
2009).  
 
Figure 3-8: Rbfox-regulated exons in genes encoding nodes of Ranvier proteins. 
Genes encoding known nodes of Ranvier components are shown in the schematic 
diagram adopted from (Stathopoulos, Alexopoulos, and Dalakas 2015). Genes with 
Rbfox regulated exons as defined by Bayesian network and RNA-seq are indicated in red. 
Genes whose alternative splicing is not affected are indicated in green. Genes not 
detected by the RNA-seq analysis of neurons and non-neuronal genes are indicated in 
black or they were not highlighted.  
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Rbfox proteins regulated alternative splicing of proteins essential for mature synaptic 
function 
In the synapse, Rbfox knockout affects alternative splicing of transcripts encoding 
proteins of presynaptic terminal involved in neurotransmission (i.e. Snap25, Cltc, Picalm, 
Syt7), synaptic adhesion proteins (neurexin – Nrxn1, Nrxn2; neuroligin – Nlgn1, Nlgn2) 
neurotransmitter receptors (i.e. AMPA – Glur1 (Gria1), NMDAR – Nmdar1 (Grin1)), 
and structural cop of postsynaptic terminal (i.e. Shank3, Dlg1, Dlg2).  
 
Figure 3-9: Rbfox-regulated exons in genes encoding synaptic proteins. Genes 
encoding many of the known synaptic components are shown in the schematic diagram 
adopted from (Delorme et al. 2013). Genes with Rbfox regulated exons as defined by 
Bayesian network and RNA-seq are indicated in red. Genes whose alternative splicing is 
not affected are indicated in green. Additional synaptic proteins crucial for mature 














Which alternative exons require Rbfox-regulation in the maturing neurons? In this 
chapter, I described the establishment and characterization of the Rbfox triple knockout 
(tKO) model that together with HITS-CLIP analysis of Rbfox binding in WT in vitro 
matured neurons provided an important experimental evidence for determining the set of 
the target exons.  
The tKO mESCs are viable and can efficiently differentiate into ventral spinal 
neurons in vitro. This result contributes to the increasing amount of evidence that Rbfox 
splicing factors are not required for neuronal differentiation (Gehman et al. 2012; Chen et 
al. 2016; Wang et al. 2015; Lin et al. 2016) and it disagrees with a study where 
knockdown of Rbfox3 was described to severely impede neuronal differentiation in 
chicken embryo (Kim et al. 2013). The neuronal subtypes in chick spinal cord used in 
this study should express all three Rbfox proteins but several neuronal subtypes 
expressing very low or no Rbfox3 are normally generated in mouse brain (i.e. Purkinje 
neurons (Gehman et al. 2012)) and spinal cord (i.e. gamma motor neurons (Shneider et al. 
2009)). Moreover, knockout of Rbfox3 in mouse does not block neuronal differentiation 
(Wang et al. 2015; Lin et al. 2016). On the other hand, although it seems unlikely, it 
cannot be formally excluded that the Rbfox targets are different in mouse and chick and 
that the deregulation of some of the divergent targets could impede neuronal 
differentiation.   
RNA-seq analysis of Rbfox tKO maturing spinal neurons revealed only small 
deregulation of gene expression but at the same time a global deregulation of alternative 
splicing (>2800 alternative exons). First, this shows that a complete depletion of all 
		 66	
Rbfox family members is essential to characterize their full regulatory potential. Second, 
it suggests that the transcriptional developmental program could be to a large extent 
regulated independently of the developmental alternative splicing program. This does not 
exclude a possibility that some splicing factors regulate important transcriptional 
regulators that drive development. However, in the case of Rbfox tKO, the neurons 
acquire a “hybrid” state when they mature transcriptionally but a significant portion of 
the developmental splicing program is not executed.  
The HITS-CLIP datasets from the in vitro matured neurons correlate well with the 
datasets generated from mouse brain, further reassuring relevance of the in vitro 
experimental model. The experiments were done using neurons cultured in the same 
manner as the neurons that were used for the RNA-seq analysis to avoid any artifacts 
when the datasets were integrated using the Bayesian network model. The HITS-CLIP I 
performed reproduced an interesting quantitative inequality in Rbfox binding to 
downstream vs. upstream intron. Why is there less binding of Rbfox in the introns 
adjacent to exons whose inclusion is suppressed by Rbfox in comparison to those whose 
inclusion is promoted by Rbfox? The most parsimonious explanation is that the 
mechanism of regulation is different for the suppressed exons and that the interaction 
with the transcript is only ephemeral, or indirect via a large protein complex as suggested 
by a recently published study (Damianov et al. 2016). 
The Bayesian network model identified 547 cassette exons directly regulated by 
Rbfox. The maturation staging using the splicing profile of only these exons showed that 
the Rbfox targets retain the embryonic splicing pattern. When the Rbfox co-regulated 
exons are removed from target lists of other splicing regulators, no or only minimal 
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change in the predicted maturation stage based on the remaining RBP-specific exons is 
observed. Overall, this again shows that the Rbfox tKO neurons do not remain 
“embryonic” but acquire a “hybrid” state when a fraction of the maturation splicing 
program is inhibited but the transcriptional regulation and the remaining part of the 
splicing program are being executed normally. The advantage is that this experimental 
model should allow studying the requirement of Rbfox for neuronal function 
independently of other indirect and downstream perturbations. 
The first approximation of what neuronal functions might be dependent on Rbfox-
regulation was provided by the gene ontology analysis and literature research. Protein 
localized to all three neuronal specific structures involved in neurotransmission were 
affected by Rbfox depletion.  
Axon initial segment is the earliest assembled structure. Both structural and 
functional axon initial segment proteins were affected by Rbfox depletion. These include 
AnkG, the protein essential for AIS assembly; and ion channels Nav1.6, Nav1.2 or 
Kcnq2 involved in action potential firing and resting membrane potential regulation, 
respectively.  
Assembly of nodes of Ranvier does not occur in this in vitro system due to 
absence of oligodendrocytes and Schwann cells but alternative splicing of a large number 
of proteins is deregulated including AnkG and Nfasc, suggesting a potential importance 
of Rbfox for the nodes of Ranvier in vivo.  
Both presynaptic and postsynaptic proteins were deregulated in Rbfox tKO 
neurons. Among the most important for the synapse function are PSD-95, neuroligin, 
neurexin, Snap25, AMPA and NMDA receptors or the scaffold protein Shank3. This 
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suggests that the synaptic function might be significantly altered in Rbfox tKO neurons. 
However, the native neuronal circuits are likely not faithfully recapitulated in vitro. The 
primary target of motor neurons is muscle, which is missing in the in vitro cell culture 
system. The motor neurons can synapse onto interneurons and are themselves target of 
interneurons (Catela, Shin, and Dasen 2015; Arber 2012) but the precise connectivity of 
neuronal subtypes in the in vitro cultures was not well characterized and there is a 
possibility that some of the synapses are ectopic. Moreover, the synapse formation is a 
relatively late event in development. These reasons do not preclude investigation of the 
early events of general synapse formation but an in vivo model would be preferable for 















CHAPTER 4: RBFOX TKO MOTOR NEURONS DISPLAY DEFECTS IN 
ELECTROPHYSIOLOGICAL MATURATION AND AXON INITIAL SEGMENT 
ASSEMBLY 
Introduction 
Which aspects of neuronal maturation require Rbfox regulation? It was reported 
before that knockout of Rbfox1, Rbfox2 or Rbfox3 affects electrophysiological properties 
of neurons (Gehman et al. 2011; Gehman et al. 2012; Wang et al. 2015). The most severe 
phenotype was observed in Purkinje cells after double knockout of Rbfox1 and Rbfox2 
(Gehman et al. 2012). The authors observed a significant decrease in ability to fire action 
potentials and they suggested that the underlying molecular mechanism might involve 
altered splicing of the voltage-gated sodium channel Nav1.6 (Scn8a) (Gehman et al. 
2012), which is localized to the axon initial segment (Rasband 2010; Bender and Trussell 
2012). However, no experiments were performed to test the model and it remains to be 
determined whether there are any other defects in the axon initial segment (AIS) upon 
Rbfox depletion. This seems likely because Rbfox regulates alternative splicing of a large 
number of structural and functional components of AIS in addition to Nav1.6 (see 
Chapter 3).  
The AIS is assembled in a cell autonomous manner at the very early stages of 
neuronal maturation, which makes it accessible to studying in in vitro cultures. That is 
why I focused on a more detailed characterization of this subcellular compartment in the 





Rbfox tKO motor neurons display immature-like electrophysiology and defect in cell 
body growth 
I next asked which neuronal functions require the Rbfox-dependent alternative 
splicing. In contrast to the previous experiments where all ventral spinal neurons were 
pooled for the molecular analyses, for the following experiments I had focused only on 
motor neurons. Motor neurons are a well-studied neuronal subtype that is abundant in our 
in vitro culture system (∼40%) and can be easily identified by immunostaining for the 
motor neuron-specific transcription factor Hb9 (Mnx1) (Pfaff et al. 1996; Wichterle et al. 
2002). The reason for focusing on a specific neuronal subtype is that some of the 
quantified cellular characteristics might vary depending on a neuronal subtype, which 
would make the quantifications sensitive to variations in differentiation efficiency of the 
subtypes – especially in low throughput experiments where only tens of neurons could be 
analyzed.  
Because of the known involvement of Rbfox in regulation of electrophysiological 
properties of neurons (Gehman et al. 2011; Gehman et al. 2012; Wang et al. 2015), the 
first analysis performed was whole-cell patch-clamp analysis of D5 WT and tKO motor 
neurons. This analysis was done in collaboration with Damian Williams, Ph.D. at Stem 
Cell Core (Columbia University). Motor neurons were cultured on primary mouse 
cortical astrocytes for 5 days – a time point when we observed that most of the neurons 
are able to fire trains of action potentials upon current injection. Consistently with the 
previous report (Gehman et al. 2012), I observed reduction in a number of action 
potentials fired in response to current injection in tKO motor neurons (Fig.4-1A). 
Additionally, tKO motor neurons had decreased capacitance and action potential 
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threshold. Changes were also observed in the resting membrane potential and rheobase, 
although the difference did not reach the statistical significance level (Fig.4-1B). All of 
the electrophysiological changes in tKO were towards the more immature state (Ziskind-
Conhaim 1988; Takazawa et al. 2012).  
 
Figure 4-1: Whole-cell patch-clamp electrophysiological characterization of WT and 
tKO motor neurons on D5. (A) A representative trace of train of action potentials fired 
by WT or tKO motor neuron in response to current injection on D5 (left). Quantification 
of the maximum number of the evoked action potentials fired (right). (B) Additional 
electrophysiological parameters acquired from the patch-clamp measurements. The 
direction of the progressive changes during in vivo motor neuron maturation is indicated 
by an arrow on the right side of the bar plots. Bar graphs show the mean and error bars 
represent S.E.M.  ** p<0.01, * p<0.05 (t-test, n=34 in each group). 
 
The electrophysiological changes provided hints for further exploration of the 
cellular phenotypes in tKO motor neurons. Motor neurons are known for the extensive 
growth of their cell body and at the end of the development they become one of the 
largest mammalian neurons. The capacitance of neurons increases proportionally with 







































































































































tKO motor neurons and found that in agreement with the decreased capacitance, the cell 
body growth is reduced in the tKO motor neurons (Fig.4-2). The nuclear area was not 
significantly different which indicates a specific defect in cell body rather than overall 
cell growth or delay in differentiation.  
 
Figure 4-2: Measurements of motor neuron cell body and nuclear size. (A) 
Illustration of cell body size (left) and nuclear size (right) measurement. Scale bar: 20 
µm. (B) Quantitative analysis (right) of cell body size and nuclear size of WT and tKO 
motor neurons during maturation. (Two-way repeated measures ANOVA, post hoc 
Bonferroni’s multiple comparisons test, ** p<0.01, * p<0.05, N=60-80 in each group, 
n=4 replicates, error bars represent S.E.M.). 
 
AIS assembly is perturbed in Rbfox tKO motor neurons 
The developmental splicing of a large number of AIS localized proteins is 
affected in tKO neurons and the tKO motor neurons have immature-like physiological 
properties. Is the AIS affected by Rbfox depletion? I immunostained AnkG, an AIS 
marker protein required for AIS assembly and maintenance, in the maturing motor 
neurons. AnkG immunostaining in tKO neurons is highly heterogeneous (Fig.4-3A), with 
only 56% of tKO motor neurons on D2 and 65% on D5 exhibiting AnkG positive 
segments, as compared to 78% and 95% for WT motor neurons at the same time points 
(Fig.4-3B, left). Moreover, the length of AIS in tKO motor neurons with detectable 
AnkG accumulation is significantly reduced (Fig.4-3B, right). This is not simply due to 












































3C). The AIS phenotype was confirmed by staining of the AnkG interaction partner βIV-
spectrin that does not contain Rbfox-regulated alternative exons (Fig.4-3D).  
 
Figure 4-3: Immunostaining analysis of AIS assembly in WT and tKO motor 
neurons. (A) Immunostaining of an AIS marker AnkG in WT and Rbfox tKO motor 
neurons on D5. Motor neurons are identified by Hb9 staining. Map2 and AnkG are 
somatodendritic and AIS markers, respectively. Scale bar: 50 µm. (B) Quantification of 
WT and Rbfox tKO motor neurons that lack AnkG staining in the proximal axon (left) or 
have reduced AnkG staining length (right) (two-way repeated measures ANOVA, post 
hoc Bonferroni’s multiple comparisons test, ****p<0.0001, ***p<0.001, **p<0.01, n.s. 
p>0.05; N ranges from 45 to 91 for each group, n=4 replicates). Error bars represent 
S.E.M. (C, D) Immunostaining of axonal marker Tau-1 in AnkG negative motor neurons 
(C) and βIV-spectrin in AnkG positive AIS neurons (D). Scale bar: 50 µm. 
 
 
The overall AnkG protein level is similar in WT and tKO neurons (Fig.4-4A) but 
AnkG in tKO motor neurons fails to properly accumulate in AIS and it is distributed in 
small clusters along the axon (Fig.4-4B). Does the tKO motor neurons that form 
detectable AnkG positive AIS accumulate the necessary ion channels?  Most AIS 









































































related phenotypes. However, the voltage-gated potassium channel subunit Kcnq3 (Wang 
et al. 1998; Jentsch 2000) involved in establishment of the mature resting membrane 
potential characteristics is not differentially spliced in tKO neurons but does show 
reduced accumulation in AIS (Fig.4C, D). This result suggests that even the tKO motor 
neurons that do have AnkG and βIV-spectrin accumulated in the proximal axon still have 






Figure 4-4: Characterization of AIS defects in tKO motor neurons. (A) Comparison 
of AnkG and βIV-spectrin protein levels in D5 WT and Rbfox tKO neurons using 
immunoblot analysis. Multiple bands representing AnkG splicing variants are indicated. 
GAPDH was used as a loading control. (B) Immunostaining of AnkG and Tau-1 shows 
widely distributed AnkG puncta in the distal region of the axon in D5 Rbfox tKO motor 
neurons. Fluorescence intensity in the zoom-in views is enhanced to highlight the AnkG 
puncta. Scale bar: 50 µm. (C, D) Immunostaining of βIV-spectrin and Kcnq3 in WT and 



































AnkG fails to organize into periodic lattice in Rbfox tKO motor neurons 
I noticed that the Rbfox-regulated genes include actin cytoskeleton stability 
regulators like α-adducin (Add1) (Matsuoka, Li, and Bennett 2000) and tropomyosin 
alpha-1 chain (Tpm1) (Gunning, O’neill, and Hardeman 2008). Because the actin-spectrin 
cytoskeleton assembly precedes and is essential for the AIS assembly (Zhong et al. 
2014), I wanted to distinguish whether the AIS phenotype in the tKO motor neurons is 
due to a defect in the assembly of the actin-spectrin lattice or in the subsequent AnkG 
recruitment. This was done using three-dimensional stochastic optical reconstruction 
microscopy (3D-STORM) in collaboration with Rui Yan and Dr. Ke Xu at UC Berkeley. 
The approach allowed to visualize and quantify the distribution of individual AnkG and 
actin molecules with ~20 nm spatial resolution. 3D-STORM imaging of D10 motor 
neurons revealed that the periodic arrangement of actin is intact in the AIS region of tKO 
motor neurons and comparable to its WT counterparts (Fig.4-5).  
In sharp contrast, AnkG localization patterns in tKO motor neurons were much 
more heterogeneous, with only 25% of the population showing AnkG periodicity as 
compared to 77% of WT motor neurons (Fig.4-6).  The remaining 40% of tKO neurons 
exhibited substantially sparser distribution of AnkG without local periodicity, and the 
other 35% of tKO neurons exhibited alternating patterns of locally high and low AnkG 
density, which were denoted as “patchy” pattern (Fig.4-6A, F). To quantify the 
orderliness of periodicity, Fourier transform and autocorrelation analysis were performed 
to determine the presence and the degree of periodicity, respectively. For most WT motor 
neurons and a small fraction of “periodic” tKO neurons, Fourier transform showed well-
defined peaks around the spatial frequency corresponding to 190 nm spacing, a value 
similar to previous reports (Xu, Zhong, and Zhuang 2013; Zhong et al. 2014; Leterrier et 
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al. 2015) (Fig.4-6B, D). On the other hand, statistical analysis of autocorrelation 
amplitudes confirmed that WT neurons had a significantly higher degree of AnkG 
periodicity than tKO neurons, even with the “periodic” tKO subtype included (Fig.4-6C, 
E). Taken together, the data suggest that the observed AIS defect caused by Rbfox 
depletion is not due to a global disruption of the axonal cytoskeleton, but rather due to a 
specific impairment of AnkG integration.   
 
 
Figure 4-5: Super-resolution imaging of actin in the axon initial segment. (A) 
Representative 3D-STORM images of actin stained with phalloidin-AF647 (bottom), and 
epifluorescence image of NrCAM immunostaining NrCAM (top) used as a marker for 
AIS. The STORM images correspond to the regions marked by magenta boxes. Scale 
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autocorrelation analyses of actin axial distribution in the indicated regions from panel (A) 
(gray dashed line). (D, E) Box plots of average repeating period (top) and autocorrelation 
amplitude (bottom) of actin in WT and tKO AIS. (t-test, p=0.54 and 0.39, respectively, 














Figure 4-6: Super-resolution imaging of AnkG in the axon initial segment. (A) 
Representative 3D-STORM images of AnkG in WT and tKO AIS.  tKO results are 
classified into sparse, patchy and periodic patterns. Alternation of low and high AnkG 
density regions in the patchy pattern is indicated by the white ovals and magenta 
arrowheads, respectively.  The color scale used to indicate depth in z-dimension is shown 
at the bottom. Scale bars: 1 µm.  (B, C) Fourier transform and autocorrelation analyses of 
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lines). (D) Box plot of average repeating period, and (E) box plot of average 
autocorrelation amplitude of AnkG in all WT and tKO AIS, as defined by the difference 
between the first peak and the average of the two adjacent valleys in the autocorrelation 
curve. (p= 0.005 by Wilcoxon-Mann-Whitney test).  The red line indicates the threshold 
used to classify periodic vs. non-periodic AIS. (F) Stacked column graph showing 
fractions of AnkG patterns out of all analysed AIS (N=13 for WT, N=23 for tKO, n=3 
replicates).  
Discussion 
Based on the previous studies, I suspected that the electrophysiological 
characteristics of motor neurons would be perturbed upon Rbfox depletion. Indeed, I 
have shown that Rbfox tKO motor neurons display several immature-like 
electrophysiological properties.  
The reduced capacitance of tKO motor neurons led me to discovery of the 
reduced cell body growth phenotype, which is unlikely a result of an overall delay in 
differentiation or maturation because the progressive increase of nuclear size is not 
affected.  
The perturbed firing properties of the neurons and the observation that Rbfox 
proteins regulate many AIS components led me to look at AIS assembly in the maturing 
WT and tKO motor neurons. At the early time points of maturation, a large portion of 
tKO motor neurons does not accumulate AnkG in the proximal axon. Instead, clusters of 
AnkG protein are dispersed along the axon. Later, AIS assembles in essentially all tKO 
motor neurons but its size is reduced at all characterized time points. Why does the AnkG 
fail to localize to the proximal axon? The super-resolution imaging analysis of motor 
neurons on D10, a time point when most tKO motor neurons contain AnkG positive AIS, 
revealed that the defect in accumulation of AnkG is likely downstream of the actin-
spectrin cytoskeleton assembly. Based on these results, I formed a hypothesis that Rbfox-
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regulation of alternative splicing is essential for normal recruitment of AnkG to the 




















CHAPTER 5: ROLE OF ANK3 ALTERNATIVE SPLICING IN 
ESTABLISHMENT OF AXON INITIAL SEGMENT 
Introduction 
AIS is assembled in a sequence of steps that include alignment of microtubules by 
Trim46 in the proximal axon (Van Beuningen et al. 2015), assembly of actin-αII/βII-
spectrin-AnkB axonal periodic lattice (Zhong et al. 2014), replacement of AnkB by 
AnkG in the proximal axon (Galiano et al. 2012; Xu, Zhong, and Zhuang 2013; Le Bras 
et al. 2014), accumulation of Eb1/3 proteins (Leterrier et al. 2011; Freal et al. 2016), 
replacement of αII/βII-spectrin by βIV-spectrin in the AIS (Galiano et al. 2012; Zhong et 
al. 2014; Le Bras et al. 2014), and accumulation of AIS ion channels and cell adhesion 
molecules (Jenkins and Bennett 2001; Boiko et al. 2003; Le Bras et al. 2014; Leterrier et 
al. 2015). Most of the previous studies are descriptive and explain the progress in axon 
initial assembly by temporal gene expression regulation of the individual AIS 
components (Galiano et al. 2012; Le Bras et al. 2014; Freal et al. 2016). However, 
experiments in the previous chapter suggest a potential link between AIS assembly and 
developmental regulation of alternative splicing in the maturing motor neurons. Here, I 
further examine the phenotype to obtain deeper mechanistic insights into the process of 
AIS assembly.  
The first question I wanted to answer was whether the AIS assembly defect is due 
to the knockout of Rbfox proteins rather than potential off-target effects of CRISPR/Cas9 
genome engineering and if a loss of Rbfox nuclear (splicing) or cytoplasmic (RNA 
stability, translation) function is contributing to the phenotype. Second, because the 
Rbfox proteins were depleted simultaneously, it was unclear whether they are 
functionally redundant in regulation of the AIS assembly. Third, I decided to find the 
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alternative splicing event that is required for normal AIS assembly. This led me to 
discovery of an Rbfox-regulated alternative exon in Ank3 (AnkG) whose function was 
not previously described. Finally, in follow-up experiments I confirmed the importance 
of developmental alternative splicing regulation of AnkG and tested function of a 
homologous alternative exon in Ank2 (AnkB). 
Results 
Rescue of Rbfox nuclear function corrects AIS assembly defect in Rbfox tKO motor 
neurons 
To rescue Rbfox function in the Rbfox tKO motor neurons, I overexpressed 
3xFLAG-tagged Rbfox1, Rbfox2 or Rbfox3 from a plasmid transfected into neuronal 
progenitors on day 4 of differentiation. In these constructs, a synthetic CAG promoter 
drives Rbfox expression. This promoter gives high level of transgene expression 
sustained at all tested time points unlike the CMV promoter that becomes silenced in the 
maturing neurons. The localization of the overexpressed proteins (Fig.5-1A) was similar 
to the localization of the endogenous proteins (Fig.3-2C). 3xFLAG-Rbfox2 was strictly 
nuclear, 3xFLAG-Rbfox1 localized to both nucleus and cytoplasm but was enriched in 
the nucleus, and 3xFLAG-Rbfox3 localized to both nucleus and cytoplasm with a higher 
degree of cytoplasmic localization than Rbfox1. The transfection efficiency and the 
protein expression level were similar for all three proteins (Fig.5-1B, C, D), and the level 





Figure 5-1: Rescue of alternative splicing defects in Rbfox tKO motor neurons by 
overexpression of individual Rbfox protein. (A) Representative immunostaining 
images show subcelullar localization of exogenous Rbfox proteins in D5PT (5 days post-
tranfection) motor neurons. Scale bar: 10 µm. (B) Quantification of 3xFLAG-Rbfox 
transfection efficiency (one-way ANOVA, n=3 replicates, error bars represent S.E.M.). 
(C) Immunoblot analysis to validate expression of FLAG-tagged Rbfox proteins after 
plasmid transfection. GAPDH is used as a loading control. (D) Quantification of FLAG-
Rbfox overexpression based on immunoblots (one-way ANOVA, n=3 replicates, error 
bars represent S.E.M.). (E) RT-PCR analysis of alternative splicing rescue for two 









































































































































































Overexpression of any of the three Rbfox proteins was able to rescue the AIS 
assembly defect in Rbfox tKO motor neurons (Fig.5-2A, B). Interestingly, the length of 
AIS correlated with the degree of nuclear localization of Rbfox and the level of 
alternative splicing rescue (Fig.5-2C). 3xFLAG-Rbfox2 was the most efficient in rescue 
of the AIS phenotype. Because this member of Rbfox protein family is strictly nuclear, 
the result suggests that the nuclear function of Rbfox proteins is involved in regulation of 
AIS assembly.  
 
Figure 5-2: Rescue of AIS defects in Rbfox tKO motor neurons by overexpression of 
individual Rbfox protein. (A) Representative images with overexpression of Rbfox1, 
Rbfox2 and Rbfox3 or empty vector in Rbfox tKO motor neurons on D5PT, as well as 
WT control on D5PT, are shown. Scale bar: 50 µm. (B, C) AIS quantification in control 
WT and Rbfox tKO motor neurons, and Rbfox tKO motor neurons upon overexpression 
of individual FLAG-tagged Rbfox proteins (one-way ANOVA, post hoc Tukey’s 
multiple comparisons test, ****p<0.0001, ***p<0.001, **p<0.01, N ranges from 60 to 




























































































This interpretation was further supported by experiments where two splicing 
isoforms of Rbfox1 were used for rescue of AIS in tKO motor neurons. The two isoforms 
differ in their localization with Rbfox1N enriched in nucleus and Rbfox1C localized 
equally to both nucleus and cytoplasm (Nakahata and Kawamoto 2005; Lee, Tang, and 
Black 2009). Rbfox1N, also used in the previous comparison of the three Rbfox proteins, 
was expressed at a similar level to Rbfox1C (Fig.5-3A, B) but it was able to rescue the 












Figure 5-3: Rescue of alternative splicing and AIS defects in Rbfox tKO motor 
neurons by overexpression of Rbfox1 protein isoforms (A) Immunoblot analysis to 
validate the expression of FLAG-tagged Rbfox1 protein isoforms after plasmid 
transfection. GAPDH is used as a loading control. (B) Quantification of FLAG-Rbfox 
overexpression based on immunoblots (t-test, n=3 replicates). (C) RT-PCR of alternative 
splicing rescue for two representative Rbfox target exons and (D) quantification of four 
representative Rbfox target exons (two-way ANOVA, post hoc Tukey’s multiple 
comparisons test, ***p<0.001, **p<0.01, n=3 replicates, error bars represent S.E.M.). (E) 
Quantification of AIS length in Rbfox tKO neurons with or without expression of Rbfox1 
protein isoforms (one-way ANOVA, post hoc Tukey’s multiple comparisons test, 
***p<0.001, **p<0.01, N ranges from 59 to 63 for each group, n=3 replicates). Error 










































































































Rbfox proteins regulate developmental alternative splicing of Ank3 (AnkG) 
Although I cannot formally exclude a possibility that Rbfox proteins have a 
nuclear function other than the alternative splicing regulation, the splicing deregulation 
seemed to be the most likely mechanism underlying the AIS defect of tKO motor 
neurons. To prioritize the candidate splicing events, I considered that: 1. AnkG 
organization is disrupted but there is no apparent defect in the underlying actin 
cytoskeleton;  2. the phenotype is partially corrected at later time points of neuronal 
maturation. Considering these findings, I asked whether there is an alternative splicing 
event in the known AIS-localized proteins whose alternative splicing is deregulated in 
tKO neurons on D5 of maturation but it is partially rescued on D10 of maturation.  
Excitingly, there are 5 alternative exons deregulated in Ank3 (AnkG) upon Rbfox 
depletion (Fig.5-4A) including 33 nucleotides long alternative cassette exon localized 
immediatelly upstream of a region that encodes the N-terminal ZU5 domain of AnkG 
(ZU5-1). The ZU5-1 domain alone is necessary and sufficient for interaction of AnkG 
with β-spectrins (Ipsaro et al. 2008; Ipsaro, Huang, and Mondragón 2009; Ipsaro and 
Mondragón 2010). I predicted the structure of AnkG ZU5-1 including the peptide 
encoded by the alternative exon using I-TASSER (Zhang 2008; Roy, Kucukural, and 
Zhang 2010) and visualized it using UCSF Chimera (Pettersen et al. 2004) to examine the 
relative position of the peptide and the residues involved in interaction with β-spectrin. 
The overall fold of the AnkG ZU5-1 domain agreed well with the published X-ray 
structure of the homologous ZU5-1 of AnkR co-crystalized with βI-spectrin repeats 13-
15 (Fig.5-4B) (Ipsaro and Mondragón 2010).  The peptide encoded by the candidate 
alternative exon (Fig.4B, right (red)) was predicted to be localized proximally to the two 
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crucial arginine residues of ZU5-1 that are engaged in electrostatic interactions with β-
spectrin repeat 14 based on the studies of AnkR and βI-spectrin (Ipsaro and Mondragón 
2010). These observations suggest that the peptide is located in a critical position for 
regulation of AnkG interaction with βIV-spectrin. It should be however noted that despite 
the strong prediction by structural modelling, structural predictions of intrinsically 
disorded regions are frequently difficult and the exact fold of the peptide in context of the 
full length ankyrin protein has to be determined experimentally.  
In both in vitro and in vivo neurons, inclusion of the candidate alternative 
candidate exon decreases during development (Fig.5-4C). tKO neurons have higher 
inclusion of the exon on D5. The pattern is similar on D10 but the magnitude of 
deregulation is less prominent. I suspected that the partially rescued developmental delay 
in splicing of this exon could be a result of combinatorial regulation by additional 
neuronal splicing factors. Indeed, I found that in addition to Rbfox, Mbnl2 (CLIP data 
from Charizanis et al. 2012) and Nova (CLIP data from Zhang et al. 2010) also bind to an 
upstream intronic region adjacent to the alternative exon (Fig.5-4D). All three protein 
families (Rbfox, Mbnl, Nova) are known to promote alternative exon exclusion when 
bound to an upstream intron, which is consistent with the observed developmental 




Figure 5-4: Identification of Ank3 (AnkG) alternative cassette exon differentially 
spliced in Rbfox tKO as a candidate splicing event involved in AIS assembly. (A) A 
schematic illustration of AnkG protein domains. Arrowheads indicates five alternative 
exons differentially spliced in Rbfox tKO neurons on D5 or D10.  The insertion of a 33-nt 
cassette exon immediately upstream of the ZU5-1 domain (AnkGin) is highlighted in red. 
(B) Structural modelling of AnkGin ZU5-1. A published structural model of βI-spectrin 
repeats 13-15 (gray) and AnkR ZU5-1 (blue) domain (PDB ID: 3KBT (Ipsaro and 
Mondragón 2010)) is shown on the left and the structural prediction of βIV-spectrin and 
AnkG ZU5-1 (blue) including the segment encoded by the candidate alternative exon 
(red, red arrow) is shown on the right.  The three crucial interacting residues (two 
arginines at the bottom, one alanine on the right) are highlighted in orange (black and 
gray arrow, respectively) in both models. (C) RNA-seq quantification of the candidate 
alternative cassette exon splicing in WT and Rbfox tKO neurons on D5 and D10 (left) 
and in developing mouse cortex (right). (D) CLIP tags indicating positions of Rbfox, 
Mbnl2 and Nova binding sites in the alternatively spliced region are also shown and the 
strongest peaks are indicated by a dotted box.  
 
Rbfox promotes expression of the AnkG isoform that binds strongly to βIV- and βII -
spectrin 
The candidate alternative exon in Ank3 (AnkG) was never studied in before and 
its function was as yet completely unknown. Nevertheless, its position in the AnkG 
protein suggests a potential for regulation of interaction with βIV-spectrin. The two 





















































scenarios that I considered are that the alternative exon might affect general affinity of 
AnkG to βIV-spectrin or specificity of AnkG binding to different β-spectrin homologs. 
There are five β-spectrin homologs (Spnb1-5, β(I-V)-spectrin), four of which 
(Spnb1-4) contain homologous β-spectrin repeats 13-15 that are capable of interacting 
with ankyrins (Ank1 (AnkR), Ank2 (AnkB), Ank3 (AnkG)) (Bennett and Lorenzo 2013). 
AnkR can interact with βIII-spectrin in cell body and dendrites (Clarkson et al. 2014; 
Gao et al. 2011; Perkins et al. 2010; Kordeli et al. 1990; Lin et al. 2001) and its 
interaction with βI-spectrin, which in hippocampal neurons localizes to dendritic spines  
(Ursitti et al. 2001), was well established in erythrocytes (Platt, Lux, and Falcone 1993; 
Bennett and Baines 2001), AnkB interacts with βII-spectrin in neurons but it has weak or 
no interaction with βIV-spectrin (Davis and Bennett 1984; Komada and Soriano 2002; 
Bennett and Baines 2001). AnkG interacts with βIV-spectrin in neurons but it is also able 
to interact with βII-spectrin at lateral membrane of epithelial cells in which no βIV-
spectrin is expressed (Komada and Soriano 2002; He, Abdi, and Bennett 2014; Bennett 
and Baines 2001). It is unknown whether there is a functional role for βII-spectrin 
interaction with AnkG in neurons or whether AnkG interacts with other β-spectrins.  
Because all four ankyrin-interacting β-spectrins can be detected in neurons (Fig.5-
5A), I decided to perform the first comprehensive analysis of their interaction with AnkG 
ZU5-1 and with the AnkG ZU5-1 isoform containing a peptide encoded by the candidate 
alternative exon. 3xHA-tagged AnkG ZU5-1 variant containing (ZU5in) or lacking 
(ZU5ex) the alternative region were co-immunoprecipitated with 3xFLAG-tagged β(x)-
spectrin repeats 13-15 after one day of overexpression in NIH3T3 cells (Fig.5-5B). 
ZU5ex co-immunoprecipitated more efficiently with both βIV-spectrin and βII-spectrin. 
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Surprisingly, AnkG ZU5-1 domain also co-immunoprecipitated with βI-spectrin and βIII-
spectrin. There was no apparent difference in co-immunoprecipitation of ZU5in and 
ZU5ex with βI-spectrin but the co-immunoprecipitation pattern with βIII-spectrin gave 













Figure 5-5: Co-immunoprecipitation of AnkG ZU5-1 domain variants and β-
spectrin repeats 13-15. (A) Left: A scheme of 3xFLAG- or 3xHA- tagged AnkG and β-
spectrin protein fragments co-expressed in NIH3T3 cells. Right: Representative 
immunoblots of AnkG ZU5-1 inclusion (ZU5in) or ZU5-1 exclusion (ZU5ex) variant co-
immunoprecipitation with 3xFLAG-β(x)-spectrin repeats. (B) Gene expression profiles 
of all three ankyrin homologs and the relevant β-spectrin homologs in in vitro maturing 
ventral spinal neurons (left) and mouse cortex (right).  
 
The decreased co-immunoprecipitation of AnkG ZU5in with βII- and βIV-
spectrin is consistent with a hypothethical model where a developmental decrease in 
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spectrin and its integration into the axonal actin-spectrin periodic lattice. Binding of βII-
spectrin could potentially precede binding of βIV-spectrin (see Discussion).  
The biological relevance of the interaction with βI-spectrin and βIII-spectrin is 
not immediatelly clear as there is only relatively small amount of AnkG localized to cell 
body of neurons (Fig.5-6). However, the somato-dendritic subplasmolemal AnkG might 
play a role in stabilization of the cell shape similarly to AnkG in epithelial cells (He, 
Abdi, and Bennett 2014).  
 
 
Figure 5-6: Small fraction of AnkG protein is associated with plasma membrane of 
cell body and proximal part of dendrites. The red arrows point at the clusters of AnkG 
in the cell body and at the base of dendrites. The blue arrow points at the AIS.  
 
AnkG is thought to be localized and stabilized in the proximal segment of axon 
that becomes an AIS by multiple mechanisms. First, it is covalently anchored to the cell 
membrane via palmitoylation of a N-terminally localized cysteine residue (He, Abdi, and 
Bennett 2014). Second, it interacts with Eb1/3 proteins that are known to associate with 
microtubules (Leterrier et al. 2011; Freal et al. 2016). Third, it recruits βIV-spectrin to 
replace βII-spectrin in the axonal actin-spectrin periodic lattice and the interaction with 
βIV-spectrin leads to a mutual stabilization (Hedstrom, Ogawa, and Rasband 2008; Yang 
Map2 AnkG Hb9 Map2 AnkG 
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et al. 2007; Lacas-Gervais et al. 2004; Zhong et al. 2014).  
I predicted that if the AnkG interaction with β-spectrins is essential for AnkG 
localization in the AIS then overexpression of the isolated ZU5-1 domain alone would 
have a dominant negative effect. This is because the ZU5-1 domain can compete with the 
endogenous AnkG for β-spectrin binding, but it itself cannot properly localize to AIS as 
it lacks the Eb1/3-interaction domain and the palmitoylation site. Moreover, AnkG 
ZU5ex should be more efficient in AIS pertubation than AnkG ZU5in because it binds 
βIV- and βII-spectrin stronger.  
 
Figure 5-7: Overexpression of AnkG ZU5-1 domain variants in WT motor neurons. 
(A) A representative immunostaining analysis showing AIS in WT control and ZU5in-
3xHA or ZU5ex-3xHA overexpressing motor neurons.  Motor neurons are identified by 
Hb9 staining, AIS is stained using AnkG antibody that detects only the endogenous 
protein and the overexpressed AnkG ZU5-1 isoforms are detected by HA antibody. The 
arrowheads mark the beginning and the end of the AIS. The arrows indicates an HA-
positive motor neuron showing weak and distributed AnkG staining. A ZU5ex-3xHA 
negative motor neuron is shown in the same picture for comparison. (B) Quantification of 
AIS length, percentage of AIS negative motor neurons, and maximum intensity of AnkG 
immunostanining (one-way ANOVA, post hoc Tukey’s multiple comparisons test, 
***p<0.001, **p<0.01, n.s p>0.05, N ranges from 47 to 70 for each group, n=3 






































































As expected, when I overexpressed the two AnkG ZU5 variants in WT motor 
neurons, I observed AIS shortening in both AnkG ZU5in and AnkG ZU5ex motor 
neurons but the AIS length and AnkG accumulation in AIS, measured as the AnkG 
maximum fluorescence intensity, were much more pertubed in AnkG ZU5ex (Fig.5-7). 
Also, while all WT and ZU5in overexpressing motor neurons formed an AIS, nearly 25% 
of ZU5ex overexpressing motor neurons had no detectable accumulation of AnkG in the 
AIS. 
Developmental regulation of Ank3 (AnkG) candidate exon alternative splicing is required 
for normal AIS assembly 
Next, I wanted to test whether the developmental regulation of the candidate 
alternative exon in maturing neurons is essential for normal AIS assembly. I deleted the 
Ank3 candidate exon to simulate its constitutive exclusion (AnkGex) and then I used the 
same cell line and inserted the coding sequence of the alternative exon into a downstream 
constitutive exon to simulate its constitutive inclusion isoform (AnkGin) (Fig.5-8A). The 
genotype was confirmed by PCR (Fig.5-8B) and the RNA splicing pattern was confirmed 
by RT-PCR at different stages of neuronal maturation (Fig.5-8C). 
Figure 5-8: Establishment of mES cell lines with deletion or insertion of the Ank3 
candidate alternative cassette exon to simulate its constitutive exclusion or inclusion. 
(A) A schematic representation of the genome engineering strategy. (B) PCR genotyping 











































RT-PCR analysis of the Ank3 candidate exon in WT, AnkGex and AnkGin motor 
neurons at different time points. Note the progressive skipping of the exon in WT and its 
constitutive inclusion AnkGin neurons. Splicing products were validated by Sanger 
sequencing to ensure no additional unexpected mutations in the region.  
Surprisingly, AnkGex motor neurons also displayed AIS shortening but no change 
in the number of AIS negative motor neurons or AnkG staining intensity in comparison 
to WT motor neurons. One interpretation of the result is that the expression of the AnkG 
exclusion isoform in immature neurons could alter electrical activity of the motor neurons 
and lead to homeostatic compensation of AIS length (see Discussion).  
AIS creates a selective barrier to prevent axonal localization of somato-dendritic 
proteins (Leterrier and Dargent 2014; Hedstrom, Ogawa, and Rasband 2008; Sobotzik et 
al. 2009). I observed that AnkGin motor neurons without AIS have an increased amount 






























































































































































Figure 5-9: Characterization of AIS assembly in motor neurons with forced 
inclusion or exclusion of the candidate alternative exon in Ank3. (A) Immunostaining 
analysis showing AIS in WT, AnkGex, and two examples of AnkGin motor neurons on 
D5.  Motor neurons are identified by Hb9 staining.  Map2 and AnkG are somatodendritic 
and AIS markers, respectively.  The green arrowheads mark the beginning and the end of 
AIS. (B) Quantification of AIS negative motor neurons,  AIS length, and maximum 
fluorescence intensity of AnkG immunostaining (two-way ANOVA, post hoc Tukey’s 
multiple comparisons test, ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, n.s. p>0.05; 
N ranges from 62 to 66 for each group, n=3 replicates). Error bars represent S.E.M. Scale 
bar: 50 µm. (C) Map2 restriction in somatodendritic compartment is pertubed in AnkGin 
motor neurons without AIS.  Zoom in view from panel (A) is shown at the top and 
respective axonal tracing fluorescence intensity profiles for Map2 and AnkG are at the 
bottom. The red arrow indicates a small cluster of AnkG in the axon.  (D) βIV-
localization to AIS is perturbed in AnkGin motor neurons but not AnkGex motor 
neurons. The AIS was co-immunostained with βIV-spectrin and AnkG antibody on D10. 
Representative images of AIS in WT, AnkGex, and AnkGin motor neurons are shown. 
Scale bar: 20 µm. (E) Immunoblot analysis of AnkG and βIV-spectrin protein levels in 
D5 WT, AnkGex and AnkGin motor neurons. Multiple bands representing AnkG splicing 
variants are indicated. GAPDH is shown as a loading control. 
As expected, the βIV-spectrin AIS accumulation in AIS correlates with AnkG 
accumulation and it is severely disrupted in AnkGin motor neurons (Fig.5-9D). The 
protein levels of AnkG and βIV-spectrin were not affected by genetic manipulation of the 














































































































































Deletion of the candidate Ank3 exon partially rescues AIS assembly defect in Rbfox tKO 
motor neurons 
Can deregulation of the candidate alternative exon in Rbfox tKO motor neuron 
explain the AIS assembly perturbation? I deleted the alternative exon in tKO mES cells 
and analyzed WT-AnkGWT, WT-AnkGex, tKO-AnkGWT and tKO-AnkGex motor 
neurons cultured in parallel. The deletion of the alternative exon decreased the number of 
motor neurons without detectable AIS but this was not statistically significant (Fig.5-10). 
However, both the AIS length and the AnkG accumulation at AIS were significantly 
improved. The result shows that deregulation of the candidate alternative exon plays a 
major role in the AIS phenotype observed in tKO motor neurons but there are potentially 
other contributing perturbations.  
 
Figure 5-10: Characterization of AIS in D5 WT and tKO motor neurons with forced 
exclusion of the candidate alternative exon in Ank3. (A) Quantification of AIS 
negative motor neurons,  AIS length, and maximum fluorescence intensity of AnkG 
immunostaining (one-way ANOVA, post hoc Tukey’s multiple comparisons test, 







































































Ank2 contains an alternative exon homologous to the Ank3 candidate exon 
Ank1 (AnkR) and Ank2 (AnkB), the two homologs of Ank3 (AnkG), are both 
expressed in neurons (Fig.5-5A). Does the same alternative splicing regulation modulate 
their binding to β-spectrins?  
I found that Ank2 but not Ank1 encodes an alternative cassette exon in the same 
genomic locus (Fig.5-11A). This exon has a splicing pattern opposite to the Ank3 
alternative exon. It is increasingly included in developing neurons, its inclusion is 
decreased in tKO neurons and Rbfox binds to an adjacent downstream intron. In addition 
to the Ank2 alternative exon homologous to the Ank3 alternative exon, there is a 
previously unannotated short rodent-specific alternative exon immediatelly downstream 
that can be included in tandem with the homolougs alternattive exon (Fig.5-11A, the 
longest isoform of Ank2). Of note, the inclusion of both of  these alternative cassette 
exons is extremely low in vitro and it thus unlikely contributes to the phenotypes 
observed in tKO motor neurons (Fig.511A, B). A multiple sequence alignment of the 
peptide sequences encoded by the AnkG and AnkB alternative cassette exons showed 
high conservation across vertebrate species in each homolog (Fig.5-11C). When the 
paralogs are compared, a clear sequence homology was observed, suggesting common 
evolutionary origin, but the sequences have also diverged substantially.   








































































































Figure 5-11: Identification of Ank2 (AnkB) alternative cassette exon homolog. (A) 
Left: Alignment of amino acid (AA) sequences encoded by the homologous alternative 
cassette exons of Ank3 (left) and Ank2 (right) in different vertebrate species. The fully 
conserved AAs are shown in bold, AA substitutions predicted to conserve the function 
(serine/threonine, aspartic/glutamic acid) are shown in the light font, and AAs not 
conserved at least in one species are shown in gray. Right: Alignment of AA sequences 
encoded by the homologous alternative cassette exons of Ank3 (left) and Ank2 (right) in 
mouse. The fully conserved AAs are shown in black. (B) RT-PCR analysis of a region 
encoding the candidate homologous alternative cassette exons. The red and black 
arrowheads are pointing at the isoforms with inclusion and exclusion of the alternative 
exon, respectively. (C) RNA-seq quantification of the Ank2 alternative cassette exon 
splicing in WT and Rbfox tKO neurons on D5 and D10 (top) and in developing mouse 
cortex (bottom). 
 
AnkB isoforms bind differentially to β-spectrins 
I next decided to test whether the function of the exons is conserved in which case 
the inclusion of the alternative exon in Ank2 (AnkB) should lead to reduction in βII-
spectrin interaction as in the case of Ank3 (AnkG). I performed the same type of co-
immunoprecipitation experiments with the exclusion variant of AnkB ZU5-1 (AnkB 
ZU5ex), the variant with inclusion of the homologous alternative exon (AnkB ZU5in1) or 







































































































inclusion of both the homologous and the novel rodent specific alternative exon (AnkB 
ZU5in2) (Fig.5-12A). AnkB ZU5ex and AnkB ZU5in1 did not co-immunoprecipitate 
with βIV-spectrin, which was expected as AnkB is known not to interact with βIV-
spectrin (Komada and Soriano 2002). This was confirmed by comparative co-
immunoprecipitation of AnkB ZU5ex and AnkG ZU5ex (Fig.5-11B). AnkB ZU5in1 co-
immunoprecipitated very poorly with all four tested β-spectrins including its known in 
vivo binding partner βII-spectrin (Fig.5-12A). In contrast, AnkB ZU5in2 co-
immunoprecipitated strongly with all four tested β-spectrins including βIV-spectrin. In 
conclusion, the inclusion of the alternative cassette exons upstream of the AnkB ZU5-1 












Figure 5-12: Co-immunoprecipitation of AnkB ZU5-1 domain variants and β-
spectrin repeats 13-15. (A) Representative immunoblots of AnkB ZU5-1 (ZU5ex), 
AnkB ZU5-1 with inclusion of the first cassette exon (ZU5in1), and AnkB ZU5-1 with 
inclusion of both cassette exons (ZU5in2) co-immunoprecipitated with 3xFLAG-β(x)-
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spectrin repeats. (B) Comparative co-immunoprecipitation of AnkB ZU5ex and AnkG 
ZU5ex with βIV- or βII- spectrin repeats 13-15.  
 
Discussion 
In this chapter, I demonstrated that the nuclear Rbfox rescue corrects the AIS 
assembly defect in Rbfox tKO motor neurons. It seems that disruption of the cytoplasmic 
function of Rbfox in Rbfox tKO neurons is overall not very pronounced as judged by a 
small number of changes in mRNA levels. However, it should be noted that the strictly 
nuclear Rbfox2 is still the most highly expressed Rbfox family member (based on RNA 
level) even in D10 ventral spinal neurons. This is not the case in most adult neurons 
where Rbfox1 and Rbfox3 that localize to both nucleus and cytoplasm are further up-
regulated and reach RNA levels higher than Rbfox2 whose expression is slightly down-
regulated. It means that the in vitro experimental system is biased towards the splicing-
related phenotypes and biological processes like axon initial segment assembly that occur 
early in neuronal development.  
I next identified an alternative cassette exon in Ank3 (AnkG) whose 
developmental splicing is regulated by Rbfox and it is deregulated in Rbfox tKO neurons. 
This alternative exon was prioritized as a candidate involved in the AIS perturbation 
because its alternative splicing was partially corrected in D10 neurons in comparison to 
D5 neurons, which correlates with the partial recovery of the AIS phenotype. I propose 
that additional regulation of the exon by Nova and Mbnl might explain the partial 
splicing correction. This is consistent with the temporal waves of neuronal splicing 
regulation recently described (Weyn-Vanhentenryck et al., n.d.), where Rbfox and Nova 
were identified as the early regulators of alternative splicing later joined by Mbnl. The 
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experimentally identified binding sites of all three splicing factor families in the upstream 
intron suggests combinatorial regulation of the alternative exon. Additional experiments 
will have to be performed to test whether Mbnl and Nova are required for its 
developmental alternative splicing.  
The alternative exon encodes 11 amino acids immediately upstream of ZU5-1 
domain of AnkG that is required for interaction with βIV-spectrin. AnkG was 
additionally shown to interact with βII-spectrin in lateral membrane of epithelial cells 
(He, Abdi, and Bennett 2014) that do not express βIV-spectrin but the biological 
relevance of potential βII-spectrin binding by AnkG in neurons was not studied. As I 
described in the introduction, the axonal actin/αII-spectrin/βII-spectrin/AnkB periodic 
lattice assembly precedes the AIS assembly (Zhong et al. 2014). I was wondering 
whether the AnkG recruited to the proximal axon by Eb1/3 proteins might first replace 
AnkB by binding to βII-spectrin and the subsequent splicing switch to βIV-spectrin 
binding isoform would promote βII-spectrin replacement. Because all four ankyrin-
binding β-spectrins are expressed at the time of AIS formation and interaction of AnkG 
with βI- and βIII- spectrin was not studied, I decided to include them in the analysis. The 
question I attempted to answer is whether the inclusion of the alternative exons generates 
an AnkG isoform with changed affinity to β-spectrins in general or if it affects specificity 
of binding to different β-spectrins.  
Co-immunoprecipitation experiments with AnkG ZU5in and AnkG ZU5ex 
showed that the AnkG ZU5in isoform produced in immature neurons binds poorly to 
both βIV- and βII-spectrin, which did not support my initial model of switch from βII-
spectrin binding to βIV-spectrin binding. Assuming that these in vitro results recapitulate 
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the binding properties of AnkG isoforms in developing neurons, how does the AnkG 
achieve accumulation of βIV-spectrin in the proximal axon? One possible explanation is 
hinted by results of a previous study that showed that βII-spectrin is being actively 
transported into the distal axon by kinesin motor complex (Galiano et al. 2012). The 
exclusion isoform of AnkG anchored in the proximal axon via interaction with Eb1/3 
might temporarily interact with βII-spectrin that is continuously shuttled into the distal 
axon and becomes progressively replaced by increasing levels of βIV-spectrin. This 
model is consistent with the known hierarchy of AIS assembly where depletion of βII-
spectrin disrupts the initial AnkG accumulation (Galiano et al. 2012), depletion of AnkG 
disrupts βIV-spectrin recruitment to AIS (Yang et al. 2007), but βIV-spectrin depletion 
does not severely impede the initial AnkG accumulation (Hedstrom et al. 2007).  
The strong co-immunoprecipitation of AnkG ZU5-1 with βI- and βIII-spectrin is 
interesting but its biological relevance is currently unclear. The AIS does not seem to be 
affected in βIII-spectrin conditional knockout mice (Gao et al. 2011). βI- and βIII-
spectrin are primarily localized to the cell body and dendrites (Perkins et al. 2010; Lin et 
al. 2001; Ursitti et al. 2001). The relatively small amount of AnkG that localizes to the 
lateral membrane of neuronal cell body (Fig.5-6) is likely to have structural support 
function similar to the AnkG in epithelial cells (He, Abdi, and Bennett 2014). It is 
unknown whether this pool of AnkG in neurons interacts solely with βII-spectrin like in 
epithelial cells or also βI- and βIII-spectrin. Interestingly, neuronal progenitors also 
express high levels of the exclusion isoform and the switch to the inclusion isoform 
occurs only transiently in the early post-mitotic immature neurons (D4 of differentiation, 
D-2 of maturation; Fig.5-11A).  
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An alternative explanation is that the observed interactions do not occur in vivo 
due to restricted subcellular localization of the proteins or because of structural restriction 
imposed in the full-length AnkG protein. For example, the ZU5-1 domain is closely 
packed together with ZU5-2 and UPA protein domains (Wang et al. 2012). Even though 
the ZU5-1 domain is sufficient to bind β-spectrins, the possibility that the two mentioned 
domains with currently unknown function affect ZU5-1 specificity cannot be formally 
excluded.  
To test directly whether regulation of the alternative exon is important for AIS 
assembly, I established cell lines with constitutive inclusion (AnkGin) or constitutive 
exclusion of the exon (AnkGex). As expected, AnkGin motor neurons had severely 
perturbed AIS. The residual AnkG localization in the proximal axon could be explained 
by weak binding of the inclusion isoform to βIV- or βII-spectrin and Eb1/3 binding. The 
AIS phenotype is not diminished in D10 motor neurons, which is consistent with the idea 
that additional splicing regulators contributed to the AIS rescue in Rbfox tKO motor 
neurons.  
The increased severity of AIS perturbation in AnkGin motor neurons led to loss 
of Map2 restriction in the somato-dendritic compartment. This phenotype was not 
observed in Rbfox tKO motor neurons likely because these neurons still contain small 
amount of the exclusion isoform that localizes in small puncta and clusters (<5µm) to the 
proximal axon. 
AnkGex motor neurons have shortened AIS but to a lesser extent than AnkGin, 
and the AnkG density and βIV-spectrin recruitment do not seem to be significantly 
affected. AnkGex motor neurons express the exclusion isoform since the early immature 
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stage and it is possible that their AIS are established precociously which could result in 
increased electrical activity and homeostatic shortening of the AIS. Alternatively, the 
inclusion isoform might have an as-yet unknown function at the early stages of AIS 
assembly. 
Deletion of the candidate Ank3 alternative exon significantly but not completely 
rescues the AIS phenotype in Rbfox tKO motor neurons. The additional candidates with 
deregulated alternative splicing in Rbfox tKO neurons that could be contributing to the 
phenotype are actin cytoskeleton regulators (i.e. Add1), Mapre3 (Eb3) or additional 
alternative exons in Ank3 (AnkG). 
AnkB, a homolog of AnkG, contains a homologous alternative exon with an 
opposite direction of developmental splicing regulation. RNA-seq and RT-PCR analysis 
of maturing spinal neurons and mouse cortex revealed that in addition to the homologous 
exon, a short cassette exon that was not previously annotated can be included in addition 
to the homologous exon. This exon is rodent specific and its biological function is not 
known.  
The inclusion of both exons in in vitro maturing neurons is very low. This is 
unexpected because the splicing switch for both Ank3 and Ank2 in mouse cortex occurs 
concurrently between p0 and p15, and even though Ank3 splicing changes dramatically 
between D0 and D10 in in vitro, only minor change is observed for Ank2 (Fig.11A). A 
possible explanation of the unexpected splicing pattern is that the splicing changes 
detected in the RNA-seq of cortical samples occur in AnkB expressing glial cells (Chang 
et al. 2014) and thus cannot be observed in the in vitro pure neuronal cultures.  
I decided to test whether these alternative exons have a potential to regulate AnkB 
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interaction with β-spectrins. To do this, I again performed co-immunoprecipitation 
experiments of AnkB ZU5-1 variants with β-spectrin repeats 13-15. AnkB ZUex 
interacted strongly with βII-spectrin but not with βIV-spectrin, which is in agreement 
with previously published studies (Komada and Soriano 2002). In addition, both βI- and 
βIII-spectrin were able to co-immunoprecipitate AnkB ZU5ex. Inclusion of the 
homologous alternative exon resulted in weakening of interaction with β-spectrins. 
Interestingly, simultaneous inclusion of both the homologous and novel alternative exon 
resulted in increased co-immunoprecipitation with all β-spectrins including βIV-spectrin. 
In contrast to AnkG ZU5-1, the direction of changes is consistent for all β-spectrins, 
which supports a model where alternative regulation of the alternative exon affects the 
affinity to β-spectrins rather than the specificity. The biological relevance of these 













CHAPTER 6: DISCUSSION AND FUTURE PERSPECTIVES 
Modeling neuronal maturation in vitro 
The early stages of neuronal maturation can be modeled in vitro to study the 
developmental gene expression regulators. This study takes advantage of directed 
differentiation of mouse embryonic stem cells (mESCs) into ventral spinal neurons and 
CRISPR/Cas9-mediated RBP knockout and exon manipulation to bypass the functional 
redundancy of Rbfox splicing regulators and to study the role of individual splicing 
isoforms in neuronal development.  
The same experimental approach could be taken to study function of the 
additional neuronal splicing regulators (i.e. Celf, Elavl, Ptbp, Nova, Mbnl, Srsf). The 
ability to rapidly knockout multiple genes also allows to knockout multiple splicing 
factor families to identify target exons that are regulated in combinatorial manner. This 
could reveal additional phenotypes as well as help to understand the rules of 
combinatorial regulation. Only few examples of combinatorial regulation were studied in 
detail  (i.e. Gabrg2) (Zhang et al. 2010; Weyn-Vanhentenryck et al., n.d.; Smith and 
Valcárcel 2000) and the mechanisms of combinatorial regulation remain unclear. In this 
study, I present another example of an alternative exon potentially regulated in a 
combinatorial manner. The Ank3 candidate exon has binding of Rbfox, Nova and Mbnl in 
the adjacent intron. Would knockout of these splicing factor families or their combined 
knockout increase the severity of AIS assembly phenotype observed in Rbfox tKO motor 
neurons? Is there a differential role of these three splicing factor families for regulation of 
the alternative exon in adult neurons? 
The disadvantage of this in vitro experimental system is that it is currently 
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difficult to faithfully recapitulate the late developmental processes such as myelination, 
assembly of nodes of Ranvier, synapse formation, neuromuscular junction formation, etc. 
Accordingly, the gene expression and alternative splicing profiles of the in vitro matured 
neurons do not reach the adult stage.  To study these developmental processes, mESCs 
genetically engineered using CRISR/Cas9 could be used to create mouse models with 
knockout of splicing factors or deletion/insertion of alternative exons.  
Rbfox proteins are essential regulators of alternative splicing program in developing 
neurons 
The complete depletion of Rbfox proteins in Rbfox tKO maturing neurons 
resulted in global deregulation of the neuronal maturation alternative splicing program. 
Interestingly, the neurons display only minor changes in mRNA steady-state levels. This 
suggests that the developmental regulation of alternative splicing and transcription is 
largely independent. Of course, other splicing factors might regulate transcription factors 
and have a more profound effect on the transcriptional program. But in case of Rbfox 
tKO, the maturing neurons reach a hybrid state where the developmental gene expression 
profile progresses normally but a large portion (20-30%) of the developmental splicing 
program is stalled. The HITS-CLIP analysis of the in vitro neurons showed that this is not 
due to indirect changes in the alternative splicing.  
Rbfox proteins regulate electrophysiological maturation of motor neurons 
Rbfox proteins were previously shown to regulate many ion channels and 
knockout of Rbfox results in changes in neuron’s electrophysiological properties 
(Gehman et al. 2011; Gehman et al. 2012; Wang et al. 2015; Weyn-Vanhentenryck et al. 
2014). Here, I show that Rbfox tKO motor neurons show disruption of action potential 
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firing consistent with the previously published data (Gehman et al. 2012). Additionally, 
the change in capacitance was correlated with defect in cell body growth.  
Of note, although knockout of Rbfox1 in addition to Rbfox2 leads to further 
decrease in firing frequency of Purkinje cells (Gehman et al. 2012) – a phenotype similar 
to Rbfox tKO in motor neurons, nestin::Cre Rbfox1 knockout alone results in increase of 
excitability in hippocampus based on lowered stimulus required to evoke field excitatory 
postsynaptic potentials and increased susceptibility to kainite-induced seizures (Gehman 
et al. 2011). It is not known whether Rbfox1 knockout increases the intrinsic excitability 
of neurons or whether the phenotype reflects subsequent alterations in the neuronal 
circuitry. Moreover, Rbfox2 protein level increase was detected in the Rbfox1 knockout 
brains by immunoblotting (Gehman et al. 2011). Although, the RNA-seq profiling 
suggests an overall decrease in Rbfox splicing activity and Rbfox2 protein expression in 
dentate gyrus was not altered, it cannot be excluded that a local increase of Rbfox2 in 
some neuronal subtypes could drive the increased excitability phenotype. It will be also 
interesting to investigate whether some of the few deregulated alternative exons in the 
Rbfox1 knockout mice could explain the phenotype and whether a similar deregulation of 
the Rbfox splicing targets is observed in epilepsy patients with Rbfox1 mutations.  
The measured electrophysiological changes in Rbfox tKO motor neurons were 
relatively mild. In future, it will be informative to perform the electrophysiological 
analysis in parallel with AIS imaging to be able to correlate the measurements. In this 
study, the electrophysiological analysis was done prior to the identification of the AIS 
phenotype using FACS-sorted GFP-positive motor neurons. To prevent recording from 
occasional contaminating interneurons, the recordings were performed on neurons with 
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large cell body size. Because the motor neuron cell body size increases over time, it is 
possible that the recordings were biased towards more mature Rbfox tKO motor neurons 
that might have already partially rescued the AIS assembly defect. On the other hand, 
even though AIS is a site of action potential generation, AnkG null mice model 
demonstrated that AIS is not required for generation of evoked action potentials (Zhou et 
al. 1998). In these mice, AIS cytoskeleton is not established, clustering of ion channel in 
AIS abolished but the whole-cell current clamp recording of Purkinje cells revealed 
reduction of the maximum firing rate from ~160Hz to ~70Hz. Moreover, 
electrophysiological recording in mice with genetic deletion of Ank3 giant exon that 
prevents AIS assembly due to specific loss of AnkG isoforms 270kDa and 480kDa 
showed that neurons without AIS are indeed able fire current injection-evoked action 
potentials (Jenkins et al. 2015). The amplitudes of the action potentials and the current 
input required to elicit an action potential measured in the cortex and the striatum were 
unchanged. Nevertheless, the action potential firing frequencies were reduced from 
~38Hz in the wild-type cortical neurons to ~22Hz in the mutant after +400pA current 
injection. Because the AIS perturbation in Rbfox tKO motor neurons is generally milder 
than that of the Ank3 knockout mice or the Ank3 giant exon deletion mutant mice, the 
relatively modest reduction in the firing frequency of the Rbfox tKO motor neurons 
(~31Hz (WT), ~23Hz (Rbfox tKO)) is not surprising.  
Developmental regulation of Ank3 alternative splicing is required for normal AIS 
assembly 
In Chapter 5, I provided evidence that Rbfox nuclear function is essential for 
normal AIS assembly. I identified and alternative cassette exon in Ank3 (AnkG) whose 
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differential inclusion in developing neurons affects AnkG ZU5-1 interaction with β-
spectrins. Rbfox splicing factors promote exclusion of this exon, which leads to increase 
of AnkG ZU5-1 affinity for the AIS-specific βIV-spectrin, axon-enriched βII-spectrin but 
decrease of affinity for the somato-dendritic βIII-spectrin.  
Using previously published Mbnl2 (Charizanis et al. 2012) and Nova CLIP data 
(Zhang et al. 2010) and here generated Rbfox CLIP data, I found that Mbnl2 and Nova 
splicing factors bind together with Rbfox in an intron upstream of the alternative exon, 
which suggests that the developmental exclusion of this exon is regulated in a 
combinatorial manner by all three splicing factor families. In future, it will be necessary 
to confirm the contribution of the remaining splicing factors by additional experiments 
(splicing factor knockout, binding site mutation). It would also be interesting to find 
whether the individual splicing factors are linked to different upstream regulatory 
pathways that could dynamically affect the splicing outcome of combinatorially regulated 
exons like the Ank3 candidate exon in response to different physiological stimuli (i.e. 
cellular stress, neuronal activity).  
Constitutive inclusion of the candidate alternative exon in Ank3 leads to decrease 
in AnkG accumulation in AIS. Surprisingly, the constitutive exclusion leads to shortening 
of AIS without AIS loss or decrease in the maximum AnkG accumulation. I discussed the 
possible interpretations of this data in Chapter 5 Discussion. A question raised by these 
experiments is ‘What is the function of the inclusion isoform‘? Why would the early 
post-mitotic neurons need to express isoform of AnkG that cannot bind strongly to βIV-
spectrin and βII-spectrin? One possibility is that regulation of this interaction allows 
timing of changes in electrophysiological properties of the neurons. This would be 
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similar to the developmental splicing regulation of Scn8a (Nav1.6) whose unproductive 
NMD (nonsense mediated decay) isoform is expressed in early neurons and only later 
Rbfox promotes splicing switch to the productive isoform translated into the full-length 
Nav1.6 (AIS-localized sodium channel) (O’Brien et al. 2012; Gehman et al. 2012). Not 
all ion channels are regulated in this manner and so it could be crucial to initially produce 
AnkG that does not strongly accumulate in the proximal axon. To test this hypothesis, 
both the AIS establishment and electrophysiology of the WT, AnkGin and AnkGex 
motor neurons could be profiled at the early stages of neuronal maturation in vitro (D1-
D5).  
The decrease in co-immunoprecipitation of the AnkG ZU5-1 inclusion variant 
with βIV-spectrin is consistent with the AIS assembly defect phenotype observed in 
Rbfox tKO motor neurons. However, it is unknown what would be the biological 
relevance of AnkG interaction with βI-, βII- and βIV- spectrin. I propose that the 
interactions should be confirmed by pull down of the full-length AnkG and β-spectrins 
from neurons or by techniques that allow characterization of protein-protein interactions 
in vivo (i.e. FRET).  
The biggest technical hurdle of the immunoprecipitation approaches is that AnkG 
size and the covalent link to membrane makes pull down of the intact complexes 
challenging. Moreover, there are dozens of AnkG protein isoforms that could have 
different protein interactions, localization and function. I showed in this thesis that the 
genetic manipulation of the individual alternative exons in mESCs using CRISPR/Cas9 is 
a feasible approach for dissecting the differential function of protein isoforms in neuronal 
development. I believe that this approach could be used to examine the changes in protein 
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interactions in vivo by immunoprecipitation or by imaging subsets of specific protein 
isoforms expressed from the endogenous loci. To compare properties of two different 
isoforms, heterozygous cell lines with alternative exon deletion/insertion and different N- 
or C- terminal epitope tag (i.e. FLAG/HA) in each allele could be generated. This 
experimental set up should allow more rapid genetic engineering than generation of 
separate exclusion and inclusion isoform cell lines and it would allow imaging of the two 
isoforms in the same cell if the gene does not undergo monoallelic expression.  
 
Predicted role of Rbfox in assembly of nodes of Ranvier and synapse formation 
I found that Rbfox proteins are required for alternative splicing regulation of 
crucial components of nodes of Ranvier and synapse. Although not experimentally tested 
here, I would predict that Rbfox knockout would lead to severe perturbation of nodes of 
Ranvier as a result of AnkG and Nfasc alternative splicing deregulation.  
In synapse, the Rbfox-regulated developmental isoform switch of Snap25 is 
required for normal synaptic activity (Johansson et al. 2008). It will be interesting to 
investigate in future what is the biological importance of Rbfox-dependent regulation of 
neurexins, neuroligins, AMPA receptors, NMDA receptors, postsynaptic density proteins 
and the proteins involved in synaptic vesicle fusion and recycling.  
How to study the importance of the alternative exons for these late developmental 
events? The mESC directed differentiation system provides an amenable paradigm where 
the candidate alternative exons can be rapidly genetically manipulated and the in vitro 
matured neurons can be subjected to functional and biochemical studies. The same mES 
cell lines could be used for establishment of mouse models with deregulated expression 
of the alternative exons. 
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What is the function of Rbfox in adult neurons?   
As I demonstrated, Rbfox proteins have an important role in regulation of 
alternative splicing in developing neurons. However, they remain highly expressed for 
the entire lifetime of a neuron, which may seem as an inefficient approach to assure 
stable expression of the “adult” protein isoforms for the years following the relatively 
short period of the embryonic development.  
What are the advantages of the continuous alternative splicing regulation? First, 
differential expression level, activity and combination of splicing regulators can generate 
a large spectrum of isoform ratios that have a potential to give the different adult 
neuronal subtypes their specific functional properties (see for example (Traunmuller et al. 
2016)). It could be argued that the life long expression of the splicing regulators is the 
price for an increase in proteome complexity. 
Second, the expression of maturation promoting neuronal splicing regulators 
could be dynamically regulated to alter the alternative splicing and functional properties 
of the adult neurons. Rbfox3 (NeuN) was found to be down-regulated upon axotomy 
(McPhail et al. 2004; Alvarez et al. 2011) and after ischemia (Ünal-Çevik et al. 2004). 
Rbfox1 nuclear localization is increased in chronically depolarized neurons to 
compensate for a transient Rbfox-independent decrease in the alternative splicing of 
some of Rbfox targets (Lee, Tang, and Black 2009). It is currently not known what is the 
functional importance of the dynamic Rbfox regulation. One possibility is that the down-
regulation of Rbfox and other splicing and transcriptional factors involved in neuronal 
maturation allows neuronal regeneration by recapitulation of the early developmental 
gene expression program. Alternatively, the down-regulation could lead to changes in 
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morphology and neuronal activity of the neurons to reorganize and tune the existing 
neuronal circuits exposed to stress, injury or excessive activity.   																											
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MATERIALS AND METHODS 
Cell lines 
The mESC cell line used in this study is Hb9::CD2-IRES-GFP iCre mESC 
(129/Ola mouse strain)(Ikiz et al. 2015). Promoter of Hb9, a motor neuron-specific gene, 
drives expression of CD2-IRES-GFP. CD2 is a surface epitope that can be used for motor 
neuron sorting. IRES (internal ribosomal entry site) allows independent translation of 
multiple proteins from a single transcript. Due to transient activity of Hb9 promoter in 
motor neurons, GFP fluorescence can only be detected on D0-D1 of maturation (6-7 days 
from the beginning of differentiation) and does not interfere with subsequent 
immunostaining analyses performed at later stages of maturation. iCre cassette can be 
used for doxycycline inducible expression of a transgene (Iacovino et al. 2011) but it was 
not utilized in this study because transgenes in this system become silenced in the 
postmitotic neurons. All other mESC cell lines were derived from this cell line.  
mESC cell culture 
Mouse embryonic stem cells were cultured in EmbryoMax DMEM (EMD 
Millipore) supplemented with 15% embryonic stem cell-screened fetal bovine serum 
(HyClone), 2mM L-glutamine (Life Technologies), 1x non-essential amino acids 
EmbryoMax MEM (EMD Millipore), 1x EmbryoMax nucleosides (EMD Millipore), 
0.1mM β-mercapthoethanol (Sigma-Aldrich), 100U/ml penicillin-streptomycin (Life 
Technologies), 1000U/ml ESGRO Leukemia inhibitory factor (EMD Millipore), 2.5µM 




Motor neuron differentiation and culturing 
mESCs were differentiated into spinal neurons in embryoid bodies following an 
established protocol (Wichterle et al. 2002). After 6 days of differentiation, embryoid 
bodies were dissociated and neurons were plated on polyornithine/laminin-coated plates 
in maturation media (Advanced DMEM/F12 (Life Technologies) + Neurobasal medium 
(Life Technologies) (1:1), 2mM L-glutamine (Life Technologies), 1x B-27 Supplement 
(serum free) (Life Technologies) containing neurotrophic factors (10ng/ml BDNF 
(Peprotech), 5ng/ml GDNF (R&D Systems), 7µM TRO1962 (Thermo Fisher Scientific), 
and 1µM 5’-fluoro-2’-deoxyuridine (Sigma-Aldrich) to inhibit proliferation of the 
undifferentiated cells. Half of the media was periodically replaced every two days 
starting from one day after plating.  Non-neuronal cells were depleted by day 5 of 
maturation and no contamination with oligodendrocytes or astrocytes was detected based 
on marker expression in RNA-seq profiling (e.g., Olig2 and GFAP).  This pure neuronal 
culture contains on average 40% of motor neurons.   
CRISPR/Cas9 genome engineering 
I generated a plasmid construct to express the Cas9 enzyme (Cong et al. 2013; 
Mali et al. 2013) with a self-cleavable mCherry reporter (Cas-p2A-mCherry), which was 
used in combination with a gRNA plasmid previously established (Mali et al. 2013). The 
plasmids were transfected together with an ssDNA oligonucleotide (donor DNA for 
homologous recombination) into mouse embryonic stem cells (mESCs) using Mouse 
Neural Stem Cell Nucleofector Kit (setting A24). The ssDNA used to generate the 
knockout consists of two homologous arms designed based on the region of interest, two 
consecutive stop codons (6 nt), and a single restriction site (6 nt) for homozygous clone 
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selection. The first nucleotide of the restriction site is shared with the last stop codon, 
which results in a downstream frame-shift due to the 11-nucleotide insertion. The stop 
codons and the additional frameshift were designed to disrupt Rbfox translation upstream 
of its RNA-binding domains. After 24 hours of expression, the cells were harvested and 
subject to FACS analysis using the mCherry reporter. A portion of the mCherry+ cells 
was used for estimating the number of mutant cells in population by PCR and restriction 
digestion analysis (typically 20-40%). The rest of the cells were cultured further at low 
density to pick individual clones that were expanded for genotyping and further culturing.  
 The knockout clones were identified using two rounds of PCR genotyping.  The 
first round of genotyping using F2+R primers identified clones with insertion mutation.  
The positive clones were subjected to the second round (F1+R) of genotyping combined 
with restriction digestion of the PCR product to identify homozygous mutant clones. PCR 
products of homozygous clones were sequenced by Sanger sequencing to assure that 
there are no additional mutations in adjacent regions. Rbfox1-3 triple knockout (tKO) was 
generated by serial mutation of each individual Rbfox genes. I generated 3-4 mESC 
knockout clones for each genotype. Each biological replicate of the subsequent 
experiments was performed using a different knockout clone. 
Immunostaining analysis 
The standard immunostaining procedure of mESC or neuronal cultures started 
with paraformaldehyde fixation (4% paraformaldehyde in 1x PBS) for 10 min at room 
temperature. Coverslips were washed three times with 1xPBS and permeabilized/blocked 
for 30 minutes with Blocking buffer (1x PBS, 10% horse serum, 0.2% Triton X-100, 
0.05% sodium azide). The primary antibodies were diluted in Antibody buffer (1x PBS, 
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5% horse serum, 0.2% Triton X-100, 0.05% sodium azide) and applied on coverslips for 
overnight incubation at 4°C in humidified chamber. After three washing steps with 1x 
PBS, the secondary antibodies in Antibody buffer were applied and the coverslips were 
incubated for 2 hours at 4°C. Next, the coverslips were washed three times with 1x PBS 
and mounted on slides with Aqua Poly/Mount (Polysciences, Inc). The next day, the 
mounted coverlips were sealed using a transparent nail polish and stored at 4°C until 
imaged. The information on antibodies and the used dilutions can be found in the 
Material Overview Table.  
Motor neuron survival analysis 
Both WT and tKO motor neurons transiently express GFP that is driven by the 
Hb9 motor neurons specific promoter (cell line Hb9::CD2-IRES-GFP). I took advantage 
of this to compare the survival of the WT and tKO motor neurons by co-culturing with an 
equal number of WT Hb9::RFP motor neurons that served as an internal control for 
normalization.The neurons were cultured in standard neuronal media on 
polyornithine/laminin-coated coverslips as described above but without addition of the 
apoptosis blocking TRO1962 that might mask a survival defect phenotype.  
RT-PCR validation of splicing quantification 
To measure exon inclusion, 2 µg of total RNA was reverse transcribed using 
SuperScript III Reverse transcriptase (Invitrogen) in 20 µl reaction with oligodT primer 
(f.c. 0.5 µM) and random hexamer primers (f.c. 0.5 ng/µl), the cDNA was PCR amplified 
for 34 cycles and resolved by electrophoresis in 2% agarose gel with 1x Gelred (Biotium) 
for visualization. PCR primers are listed in Oligonucleotide Table. 
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RNA-Seq library preparation 
For each sample, three independent sets of parallel differentiations (biological 
replicates) were performed to collect RNA, which was subject to paired-end RNA-Seq 
analysis (except for one day 1 WT motor neuron sample for which single-end sequencing 
was performed). RNA-Seq libraries were prepared following the standard Illumina 
TruSeq library preparation protocol and sequenced on the Illumina HiSeq 2000 platform 
(101-nt reads).   
HITS-CLIP library preparation 
Rbfox HITS-CLIP experiments were performed following the BrdU-CLIP 
protocol as described previously (Weyn-Vanhentenryck et al. 2014) using Rbfox-specific 
antibodies (see Antibodies table).  For each library, I used ~10 million of neurons 
matured for 10 days on p10 plate coated with polyornithine and laminine. The resulting 
PCR amplified cDNA libraries were sequenced on the Illumina HiSeq 2000 platform 
(single-end 101-nt reads).  
Analysis of RNA-seq and HITS-CLIP data 
RNA-seq data were mapped by OLego v1.1.2 (Wu et al. 2013) to the reference 
genome (mm10) and a comprehensive database of exon junctions was provided for read 
mapping. Gene expression and splicing of known and novel AS events were quantified 
using the Quantas pipeline (http://zhanglab.c2b2.columbia.edu/index.php/Quantas), as 
described previously (Weyn-Vanhentenryck et al. 2014). Differential gene expression 
was detected using edgeR (Robinson, McCarthy, and Smyth 2009) as part of the Quantas 
pipeline (>1.5 fold change, FDR<0.05 and RPKM greater than median in WT or tKO).  
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To identify exons with differential splicing in two compared conditions, Fisher’s 
exact test was used to evaluate the statistical significance of splicing changes using both 
exonic and junction reads that support each of the two splice isoforms. The false 
discovery rate (FDR) was estimated by the Benjamini-Hochberg procedure (Benjamini 
and Hochberg 1995). An AS event was called differentially spliced in the two compared 
conditions with the following criteria: coverage≥20, and Benjamini FDR≤0.05 and |ΔΨ 
|≥0.1 or 0.2 as indicated. 
Rbfox HITS-CLIP data were analyzed using the CTK package, as described 
previously (A. Shah et al. 2016; Moore et al. 2014; Chaolin Zhang and Darnell 2011) and 
more details can be found on a supporting website 
(http://zhanglab.c2b2.columbia.edu/index.php/CTK). Due to long (101-nt) reads in these 
experiments, the 3' adapters were removed before collapsing exact PCR duplicates.  
Filtered reads were mapped by bwa followed by a second step of duplicate collapsing 
using a model based approach (Chaolin Zhang and Darnell 2011; Moore et al. 2014). The 
resulting unique CLIP tags and mutations in these tags were used for downstream 
analysis. Crosslinking-induced mutation site (CIMS) and truncation site (CITS) analysis 
was performed as previously, except that we distinguish deletions of different 
sizes(Moore et al. 2014; Weyn-Vanhentenryck et al. 2014; Chaolin Zhang and Darnell 
2011).  
CLIP tag clusters were identified by grouping overlapping CLIP tags in 
combination with a valley seeking algorithm, and the statistical significance of CLIP tag 
cluster peak height was evaluated using scan statistics as described previously (A. Shah et 
al. 2016). 
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Rbfox splicing-regulatory network in motor neurons 
The integrative modeling approach was used to define direct Rbfox target exons 
in motor neuron, as described previously (Weyn-Vanhentenryck et al. 2014; Chaolin 
Zhang and Darnell 2011). Rbfox-dependent splicing in both day 5 and day 10 neurons 
were used as evidence of splicing changes in the Bayesian network analysis. Rbfox1-3 
pooled CLIP tag cluster scores in the neurons were used as evidence of Rbfox binding. 
The use of the other datasets, model training, cross validation and prediction were the 
same as we described previously (Weyn-Vanhentenryck et al. 2014). In total, 547 
cassette exons were predicted as direct Rbfox targets in motor neurons with FDR<0.01. 
Among these, the direction of splicing regulation could be unambiguously determined for 
534 exons with probability of activation or repression >0.7. 
Evaluation of neuronal maturation based on developmental splicing changes 
6 distinct maturation stages were determined from the mouse cortex data E14.5, 
E16.5, P0, P4, P7, and P15 or older, which were represented by stages 1-6. P15 or older 
were grouped as one stage because of high correlation between samples after P15 
(Pearson correlation r>0.95). For each in vitro spinal neuron sample, we obtained the 
splicing profile of the 1,909 annotated module cassette exons defined in the cortex 
reference, which was used to assign the sample to a specific maturation stage by 
comparison to the cortex reference, as described in (Weyn-Vanhentenryck et al., n.d.). To 
evaluate the contribution of the four specific RBP families to neuronal maturation, 




Gene ontology (GO) analysis 
GO enrichment analysis was performed using the online tool DAVID (Dennis et 
al. 2003). Genes with cassette exons regulated by Rbfox, as defined by Bayesian network 
analysis, were compared with all genes having at least one cassette exon with sufficient 
read coverage (≥20). 
Whole cell current clamp 
Excitability was assessed using conventional whole cell current clamp technique. 
Briefly, astrocytes were prepared as previously described (Miles et al., 2004) and plated 
on 15-mm diameter coverslips at a density of 100,000 cells per well in a 24-well plate. 4-
10 days following astrocyte plating, FACS-sorted motor neurons were added to the wells 
at a density of 50,000 cells per well. Cultures were maintained for 5 days before 
recording. Membrane potential recordings were performed using a Multiclamp 700B 
amplifier and a Digidata 1550 digital-to-analog converter. Signals were recorded at a 10-
kHz sample rate using pClamp 10 software (all equipment from Molecular Devices). 
Patch pipettes were fabricated with a P-97 pipette puller (Sutter Instruments) using 1.5 
mm outer diameter, 1.28 mm inner diameter filamented capillary glass (World Precision 
Instruments). Pipette resistance was 2-5 MΩ when filled with the pipette solution. The 
external recording solution contained 145 mM NaCl, 5 mM KCl, 10 mM HEPES, 10 mM 
glucose, 2 mM CaCl2 and 2 mM MgCl2. The pH was adjusted to 7.3 using NaOH and the 
osmolality adjusted to 325 mOsm with sucrose. The pipette solution contained 130 mM 
CH3KO3S, 10 mM CH3NaO3S, 1 mM CaCl2, 10 mM EGTA, 10 mM HEPES, 5 mM 
MgATP and 0.5 mM Na2GTP (pH 7.3, 305 mOsm). Experiments were performed at 
room temperature (21–23 °C). During recordings, current was injected to hold the cells at 
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−60 mV. Resting membrane potential was measured immediately following 
establishment of the whole-cell configuration. Membrane resistance and capacitance were 
calculated from the membrane potential changes in response to 1 s duration 
hyperpolarizing current steps that increased incrementally by 5 pA. Action potentials 
were evoked using 1 s duration depolarizing current steps that increased incrementally by 
5 pA.  
Axon initial segment analysis 
Motor neurons plated on primary cortical astrocytes were imaged using a laser-
scanning confocal microscope (LSM 800, Zeiss) using a 40x oil-immersion objective.  
The settings were adjusted to prevent signal saturation and the images were taken in z-
stacks with 0.49 µm steps. Z-stack images were projected into a single plane using 
maximum intensity projections and imported into MATLAB computer software 
(Mathworks) for AIS analysis using a custom program as previously described (Grubb 
and Burrone 2010). Briefly, the software automatically determines AIS length based on 
AnkG fluorescence intensity profile along a semi-automatically traced path. The cutoff 
intensity for AIS start/end was set to 1/3 of the maximum intensity as recommended in 
the original study. In each experimental group, we analyzed in total ∼80 neurons in four 
differentiation replicates. The motor neurons with no detectable AnkG immunostaining 
or with immunostaining shorter than 5 µm (puncta) were categorized as AIS(-) motor 
neurons. It should be noted that the majority of AIS negative neurons showed weak 




10 days matured neurons plated on primary cortical astrocytes were washed with 
1x PBS and immediately fixed. For AnkG STORM imaging, the cells were fixed with 4% 
paraformaldehyde for 20 minutes and washed with 1xPBS. For actin filament imaging, 
the cells were first fixed/permeabilized with 0.3% (v/v) glutaraldehyde and 0.25% (v/v) 
Triton X-100 in cytoskeleton buffer (10mM MES, pH6.1, 150mM NaCl, 5mM EGTA, 
5mM glucose and 5mM MgCl2) for 1min, and then post-fixed for 25min in 2% (v/v) 
glutaraldehyde in cytoskeleton buffer. The glutaraldehyde-fixed samples were treated 
with freshly prepared 0.1% (w/v) sodium borohydride in 1xPBS for 2x 5min. All 
coverlips were stored in 1x PBS with 20mM sodium azide and stained within 2 weeks.   
The fixed coverslips were incubated with STORM blocking buffer (3% bovine 
serum albumin (BSA), 0.1% Triton X-100 in 1x PBS) and stained with corresponding 
primary antibodies at 4°C overnight. After washing with 0.3% BSA and 0.01% Triton X-
100 in 1xPBS, secondary antibody (2.5 µg/ml) labeling was performed at room 
temperature for 1 hour.  For actin labeling, samples were incubated with Alexa Fluor-647 
conjugated phalloidin (0.4 µM) (Life Technologies, A22287) for 45 minutes at room 
temperature, and briefly washed with 1x PBS before imaging.  
3D-STORM imaging was performed on a homebuilt setup based on a Nikon 
Eclipse Ti-U inverted optical microscope with an oil immersion objective (Nikon CFI 
Plan Apochromat λ 100x, NA 1.45). Lasers at 647 (MPB Communications) and 405 
(Coherent) were coupled into an optical fiber after an acousto-optic tunable filter and 
then introduced into the sample from the back focal plane of the microscope. The laser 
beams were shifted toward the edge of the objective with a translation stage, making 
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incidence angles slightly smaller than the critical angle of the glass-water interface. 
Continuous illumination of 647nm laser (∼2kW cm-2) was used to excite Alexa Fluor 647 
molecules and switch them into the dark state. Illumination of the 405 nm laser (0-1 W 
cm-2) was tuned during image acquisition so that any given instant, only a small fraction 
of fluorophores in the sample were in the emitting state, which is optically resolvable. For 
z position determination, a cylindrical lens was inserted between the electron-multiplying 
charge-coupled device (EMCCD) camera (iXon Ultra 897, Andor) and the microscope, 
so that images of single molecules were elongated in x and y for molecules proximal and 
distal sides of the focal plane (relative to the objective), respectively. Imaging buffer used 
was 100 mM Tris-HCl (pH7.5) containing 140 mM cysteamine, 5% glucose, 0.8 mg.ml-1 
glucose oxidase and 40 µg.ml-1 catalase.  
Recorded STORM movies were analyzed according to previously described 
methods (Rust, Bates, and Zhuang 2006; B. Huang et al. 2008). Spatial localization of 
molecules was determined from the centroids of 2D-Gaussian fit (for x and y) and 
ellipticity (for z) of single fluorescent molecules. Molecules in single frames were added 
up and drift-corrected by cross-correlation analysis of every ~200 frames. Fourier 
transform analysis was performed with a custom-written MATLAB program (K. Xu, 
Zhong, and Zhuang 2013). Fluorescence intensity along the axial direction of the ROI 
was measured and subject to 1D-Fast Fourier Transform (FFT). The spatial frequency at 
the peak of FFT curve was taken as the frequency with maximal probability, whose 
reciprocal gave the period. Autocorrelation curves were plotted with a custom-written 
MATLAB program, where the autocorrelation function of fluorescence intensity was 
computed by shifting the data along the axon and quantifying the extent of correlation. 
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The autocorrelation amplitude was defined as the difference between the first peak and 
the average of two neighboring valleys (Zhong et al. 2014). 
Transgene overexpression in maturing motor neurons 
To overexpress proteins in motor neurons, I trypsinized differentiating embryoid 
bodies on day 4 of in vitro differentiation (motor neuron progenitors) and nucleofected 
5x106 cells with 5µg of plasmid DNA using Amaxa mouse NSC nucleofector kit 
(nucleofector setting B-16) (Lonza). For Rbfox rescue experiments, I used full-length 
Rbfox1, Rbfox2 or Rbfox3 cloned into pCAGGS-3xFLAG-GOI vector.  For the AnkG 
ZU5-1 overexpression in motor neurons, I used constructs described below ( ‘Co-
immunoprecipitation of ZU5-1 isoforms and β-spectrin repeats 13-15’, see also 
Oligonucleotides table).  The empty vector was used as control in these experiments. The 
transfected cells were plated on polyornithine/laminin-coated plates and cultured in motor 
neuron maturation media with neurotrophic factors (10ng/ml BDNF, 5ng/ml GDNF) and 
5µM DAPT to improve differentiation efficiency of the dissociated cells (Crawford and 
Roelink 2007). After the first day, the maturation media was completely removed and 
replaced with fresh media without DAPT and with addition of 1µM 5’-fluoro-2’-
deoxyuridine to prevent proliferation of undifferentiated cells. Typically, the transgene 
overexpression was observed in 30-40% of motor neurons.  
Co-immunoprecipitation of ZU5-1 isoforms and β-spectrin repeats 13-15 
AnkG and AnkB ZU5-1 domain isoforms were cloned into a pCAGGS-GOI-
3xHA vector. β(x)-spectrin repeats 13-15 were cloned into pCAGGS-3xFLAG-GOI 
vector from mouse cortex cDNA using primers indicated in Oligonucleotides table. 4µg 
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of plasmid DNA for each construct were used for transfection (Lipofectamine 3000, 
Invitrogen) of a single 80% confluent 6cm dish of NIH/3T3 cells.   
Immunoprecipitation of β(x)-spectrin was performed using Dynabeads Protein G 
(Thermo Fisher Scientific, 10004D) and anti-FLAG M2 antibodies (Sigma-Aldrich). 25µl 
of magnetic beads per sample were washed 2x with Binding buffer (1x PBS, 0.05% 
Tween 20), mixed with 2.5µg antibodies diluted in Binding buffer, and incubated 
overnight or at least 2hrs on a rotating device at 4°C. After the incubation, the beads were 
washed 2x with Wash buffer (50mM HEPES pH7.5, 150mM NaCl, 1% NP-40, 1mM 
EDTA) and 1x with Lysis buffer (50mM HEPES pH7.5, 100mM NaCl, 1% NP-40, 1mM 
EDTA, cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich)).  
24hrs after transfection, the plates were carefully washed twice with ice-cold 1x 
PBS and the cells were lysed directly on the plate by addition of 400µl of Lysis buffer. 
The lysate was collected using a plastic cell scraper, transferred into a microcentrifuge 
tube, further resuspended by passing 8x through a 26G needle attached to a 1ml TB 
syringe and incubated on ice for 20 minutes. The soluble fraction of the cell lysate was 
separated by centrifugation (14,000rpm, 20minutes, 4°C) and transferred into a new 
microcentrifuge tube. 28µl of the soluble fraction from each sample was removed and 
mixed with 10µl of 4xLDS buffer and 2µl of 1M DTT (input samples). The remaining 
lysate was mixed with the magnetic beads and incubated 1hr on a rotating device at 4°C.  
The beads were then washed 2x with Wash buffer, transferred into a new tube and 
washed two more times with Wash buffer. After removal of the last wash, the beads were 
collected and the bottom of the tube by a brief spin in microcentrifuge (3 seconds) and 
		 127	
the remaining liquid was removed. The protein was eluted by addition of 28µl water, 
10µl of 4xLDS buffer and 2µl of 1M DTT and boiling for 5 minutes at 90°C.  
10µl of each sample was separated on 15-well 10% Bis-Tris PAGE gel (Thermo 
Fisher Scientific), transferred onto nitrocellulose membrane using X-cell blot wet transfer 
set up and the protein was detected using a standard western blot protocol with anti-

























Table S1: Summary of 
RNA-seq data 
      









D1_WT1_R1 24,030,115 19,562,384 81.4% 17,932,038 74.6% 5,004,495 20.8% 
D1_WT2_R1 26,168,338 21,670,899 82.80% 20,085,309 76.80% 5,258,728 26.18% 
D1_WT2_R2 26,168,338 20,545,845 78.50% 19,037,914 72.80% 4,971,557 26.11% 
D1_WT3_R1 28,032,563 21,827,363 77.90% 19,808,844 70.70% 4,068,781 20.54% 
D1_WT3_R2 28,032,563 21,016,675 75% 19,069,136 68% 3,909,598 20.50% 
D5_WT1_R1 46,773,243 40,971,396 87.60% 38,403,096 82.10% 11,264,524 29.33% 
D5_WT1_R2 46,773,243 39,774,992 85% 37,275,166 79.70% 10,926,926 29.31% 
D5_WT2_R1 45,880,885 39,453,320 86% 37,026,887 80.70% 9,858,273 26.62% 
D5_WT2_R2 45,880,885 38,869,126 84.70% 36,477,099 79.50% 9,693,570 26.57% 
D5_tKO1_R1 36,257,291 31,214,417 86.10% 29,208,419 80.60% 7,833,150 26.82% 
D5_tKO1_R2 36,257,291 30,568,028 84.30% 28,602,727 78.90% 7,657,665 26.77% 
D5_TKO2_R1 39,091,026 32,235,635 82.50% 30,209,114 77.30% 8,141,597 26.95% 
D5_TKO2_R2 39,091,026 31,670,436 81% 29,675,779 75.90% 7,997,410 26.95% 
D10_WT1_R1 32,577,301 24,494,599 75.20% 22,799,536 70% 5,632,113 24.70% 
D10_WT1_R2 32,577,301 26,857,882 82.40% 25,038,868 76.90% 7,149,499 28.55% 
D10_WT2_R1 45,929,912 39,988,461 87.10% 37,554,065 81.80% 10,084,636 26.85% 
D10_WT2_R2 45,929,912 33,183,068 72.20% 31,145,442 67.80% 8,319,949 26.71% 
D10_WT3_R1 35,313,774 29,806,785 84.40% 27,934,933 79.10% 7,607,513 27.23% 
D10_WT3_R2 35,313,774 25,894,640 73.30% 24,255,323 68.70% 6,580,112 27.13% 
D10_TKO1_R1 40,062,814 34,981,977 87.3% 32,777,306 81.8% 8,990,127 22.4% 
D10_TKO1_R2 40,062,814 34,068,238 85.0% 31,918,755 79.7% 8,756,729 21.9% 
D10_TKO2_R1 40,164,318 34,285,783 85.40% 32,105,600 79.90% 8,476,232 26.40% 
D10_TKO2_R2 40,164,318 29,988,720 74.70% 28,071,594 69.90% 7,381,993 26.30% 
D10_TKO3_R1 26,039,340 21,598,295 82.90% 20,272,741 77.90% 5,015,664 24.74% 
D10_TKO3_R2 26,039,340 18,933,402 72.70% 17,764,155 68.20% 4,374,295 24.62% 
 








Rbfox1a 16290598 1414770 
Rbfox1b 31170984 507555 
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Rbfox2a 6455086 257233 
Rbfox2b 24812788 5704583 
Rbfox3a 18935794 1708876 
Rbfox3b 25792739 4347238 
 
Table S3: Rbfox targets 
in AIS genes 
         















name PMID function Rbfox  Mbnl  Nova  Ptbp D5 D10 D10 
11496 Adam22 Adam22 20089912 cell adhesion Y   Y Y   Y   
11518 Add1 
alpha-
adducin 25535840 cytoskeleton Y Y     Y   Y 
109676 Ank2 AnkB 25535840 
cytoskeleton 
(AIS-related) Y     Y   Y   
11735 Ank3 AnkG 20631711 cytoskeleton           Y   
11749 Anxa6 Anx6 20225247 endocytosis               
30948 Bin1 
amphiphysin 
II 9182667 endocytosis Y Y Y Y   Y   
12286 Cacna1a Cav2.1 20810905 ion channel           Y   
12287 Cacna1b Cav2.2 20810905 ion channel Y         Y   
108058 Camk2d Camk2d 20877009 signalling Y         Y   
66797 Cntnap2 Caspr2 20631711 cell adhesion               
12995 Csnk2a1 Ck2 19064667 signalling               
23859 Dlg2 Psd-93 20631711 cytoskeleton Y Y       Y   
14394 Gabra1 Gabra1 24959118 
neurotrasmitter 
receptor               
14395 Gabra2 Gabra2 24959118 
neurotrasmitter 
receptor               
16485 Kcna1 Kv1.1 20631711 ion channel               
16490 Kcna2 Kv1.2 16473933 ion channel               
98741 Kcnb2 Kv2.2 18511484 ion channel               
16536 Kcnq2 Kcnq2 20631711 ion channel Y     Y   Y   
110862 Kcnq3 Kcnq3 20631711 ion channel               
13589 Mapre1 Eb1 21551097 cytoskeleton               
100732 Mapre3 Eb3 21551097 cytoskeleton             Y 
269116 Nfasc neurofascin 20631711 cell adhesion           Y   
319504 Nrcam Nrcam 20631711 cell adhesion Y         Y   
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20265 Scn1a Nav1.1 20631711 ion channel           Y   
110876 Scn2a1 Nav1.2 20631711 ion channel           Y   
20273 Scn8a Nav1.6 20631711 ion channel           Y   
20740 Sptan1 αII-spectrin 20631711 cytoskeleton               
20743 Sptbn2 βII-spectrin 25535840 
cytoskeleton 
(AIS-related)               
80297 Sptbn4 βIV-spectrin 20631711 cytoskeleton               
21367 Cntn2 Tag1 20631711 cell adhesion               
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Int_Rbfox1F (F2) Rbfox1 knockout genotyping CACATGCAGCCGCTACTAGTTAC mutation specific internal primer
HRoligoRbfox1 Rbfox1









ordered as IDT Ultramer, 11nt insertion, 
SpeI restriction site




gRNA backbone, G necessarry for Pol III 
transcription initiation, target specific 
sequence












Int_Rbfox2F (F2) Rbfox2 knockout genotyping
CTGCGTACTCCCGTAACTAGTTA
C
mutation specific internal primer
HRoligoRbfox2 Rbfox2









ordered as IDT Ultramer, 11nt insertion, 
SpeI restriction site




gRNA backbone, G necessarry for Pol III 
transcription initiation, target specific 
sequence




T_KO_Rbfox3F (F1) Rbfox3 knockout genotyping AGACTCTCTGCAATGCTGAGGT external primer




Int_Rbfox3F (F2) Rbfox3 knockout genotyping
CGTGGGGTCGGAACCTTAAGTT
A
mutation specific internal primer
HRoligoRbfox3 Rbfox3









ordered as IDT Ultramer, 11nt insertion, 
AflII restriction site




gRNA backbone, G necessarry for Pol III 
transcription initiation, target specific 
sequence








AS_Ank2_F Ank2 AS PCR AACAGACGACCAGTCTCAGGTCT
AS_Ank2_R Ank2 AS PCR TCTTCACCACGGTGTGTCCATTC
T
AS_Dlg2_F Dlg2 AS PCR
GCCCGATTGAAGACAGTGAAGT
TC
AS_Dlg2_R Dlg2 AS PCR GCCTCGTGACAGGTTCATAGGA
AAG
GAPDH_F GAPDH AS PCR (control) GGTCCTCAGTGTAGCCCAAG control for relative cDNA amount
GAPDH_R GAPDH AS PCR (control) AATGTGTCCGTCGTGGATCT control for relative cDNA amount
AS_Grin1_F Grin1 AS PCR CAGCGTCTGGTTTGAGATGA
AS_Grin1_R Grin1 AS PCR AGCAGAGCCGTCACATTCTT
AS_Kcnq2_F Kcnq2 AS PCR CACAGCCAGAGCCATCACCAA
AS_Kcnq2_R Kcnq2 AS PCR
CTCGGGCTGTCATCAAGACTCTG
ATC
AS_Nf2_F Nf2 AS PCR ATGGAGAAGAGCAAGCACCTGC
AS_Nf2_R Nf2 AS PCR CAGCCCTCTACTGATGGTTCCT
AS_Nfasc_F Nfasc AS PCR
CCAATCAGACCAAGTTCTCTGTG
C
AS_Nfasc_R Nfasc AS PCR CGATGTCTGCCTGGTTATTGGTG
T
AS_Scn8a_F Scn8a AS PCR GCCTATGGCTTCGTCAAGTT
AS_Scn8a_R Scn8a AS PCR ATGAGACACACCAGCAGCAC
AS_Tsc2_F Tsc2 AS PCR GTTTGCGTTCCAATGTCCTC
AS_Tsc2_R Tsc2 AS PCR CGCTCGTAAGGGATGTCTG
AS_ZU5_Ank1_F Ank1 AS PCR
TGATGAGGATTCCCTCATTCCCA
G
test alternative splicing immediately 
upstream of the ZU5-1 domain
AS_ZU5_Ank1_R Ank1 AS PCR AGGGCAATGATCCTGCTGGCTA test alternative splicing immediately 
upstream of the ZU5-1 domain
AS_ZU5_Ank2_F Ank2 AS PCR
GGCACTGAGAACTTAGACAACG
TGG
test alternative splicing immediately 
upstream of the ZU5-1 domain
AS_ZU5_Ank2_R Ank2 AS PCR CACCACGGGCATCCACCATAA test alternative splicing immediately 
upstream of the ZU5-1 domain
AS_ZU5_Ank3_F Ank3 AS PCR
CTGACGTTCACGAGGGAGTTTG
A
test alternative splicing immediately 
upstream of the ZU5-1 domain
AS_ZU5_Ank3_R Ank3 AS PCR TCGCGTCCACCATAAAGCTAACC test alternative splicing immediately 
upstream of the ZU5-1 domain
Alternative splicing (AS) PCR
Rbfox1_F Rbfox1






























































pre-amplification of βI-spectrin - PCR 
product used for cloning using βIspect_F and 
R primers
βIspect_R_preamp Spnb1 cloning of ankyrin ZU5 
interacting fragment
CTGGAGTCTGGCGTTCCTTAAGC
pre-amplification of βI-spectrin - PCR 
product used for cloning using βIspect_F and 
R primers
βIspect_F Spnb1




































AnkG/AnkB ZU5-1 cloning into pCAGGS-GOI-3xHA; βI-IV- spectrin 13-15 repeat cloning into pCAGGS-3xFLAG-GOI
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Table S5: Plasmid constructs 
Name Reference Notes 
pCAGGS-Cas9-mCherry Jacko et al., (submitted for publication)  
pgRNA empty Addgene  #41824 
pgRNA Rbfox1 KO Jacko et al., (submitted for publication)  
pgRNA Rbfox2 KO Jacko et al., (submitted for publication)  


























T_Exdel_Ank3_F Ank3 deletion genotyping
GCAGAAAGGACCCTGATATAGC
TG
T_Exdel_Ank3_R Ank3 deletion genotyping ACAAAGGTGAGGTGATGCTTCC

















ssDNA oligo for exon 












T_KI_spec_AinCdown_F Ank3 insertion genotyping GTTAGCTTTATGGTGGACGCGCG
T_KI_AinCdown_F Ank3 insertion genotyping
ACTTCCAACTGCTGTTTCAGGGA
G
T_KI_AinCdown_R Ank3 insertion genotyping
TTATGTCTCTTTACCAGGCGGCA
C
Deletion/insertion of Ank3  candidate alternative exon
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pgRNA Rbfox3 KO Jacko et al., (submitted for publication)  
pgRNA1 AnkG del Jacko et al., (submitted for publication)  
pgRNA2 AnkG del Jacko et al., (submitted for publication)  
pgRNA1 AnkG ins Jacko et al., (submitted for publication)  
pgRNA2 AnkG ins Jacko et al., (submitted for publication)  
pCAGGS-3xFLAG-Rbfox1N Jacko et al., (submitted for publication)  
pCAGGS-3xFLAG-Rbfox1C Jacko et al., (submitted for publication)  
pCAGGS-3xFLAG-Rbfox2 Jacko et al., (submitted for publication)  
pCAGGS-3xFLAG-Rbfox3 Jacko et al., (submitted for publication)  
pCAGGS-3xFLAG-βI spectrin (repeats 13-15) This study  
pCAGGS-3xFLAG-βII spectrin (repeats 13-15) Jacko et al., (submitted for publication)  
pCAGGS-3xFLAG-βIII spectrin (repeats 13-15) This study  
pCAGGS-3xFLAG-βIV spectrin (repeats 13-15) Jacko et al., (submitted for publication)  
pCAGGS-AnkB ZU5ex-3xHA This study  
pCAGGS-AnkB ZU5in1-3xHA This study  
pCAGGS-AnkB ZU5in2-3xHA This study  
pCAGGS-AnkG ZU5in-3xHA Jacko et al., (submitted for publication)  
pCAGGS-AnkG ZU5ex-3xHA Jacko et al., (submitted for publication)  
 
Table S6: Cell lines 
Name  References Notes 
mES Hb9::CD2-IRES-GFP WT Ikiz et al. (2015)  
mES Hb9::CD2-IRES-GFP Rbfox tKO Jacko et al., (submitted for 
publication) 
Rbfox1/2/3 knockout 
mES Hb9::CD2-IRES-GFP WT Ank3ex Jacko et al., (submitted for 
publication) 
Deletion of Ank3 candidate exon 
mES Hb9::CD2-IRES-GFP WT Ank3in Jacko et al., (submitted for 
publication) 
Re-insertion of Ank3 candidate 
exon 
mES Hb9::CD2-IRES-GFP Rbfox tKO 
Ank3ex 
Jacko et al., (submitted for 
publication) 
Deletion of Ank3 candidate exon 
NIH3T3   
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Table S7: Antibodies 
Name/antigen Source Identifier 
mouse anti-Rbfox1 (anti-Fox1) D8F8 EMD Millipore MABE159 
rabbit anti-Rbfox2 (anti-Rbm9) Bethyl Laboratories A300-864A 
mouse anti-Rbfox3 (anti-NeuN) A60 EMD Millipore MAB377 
mouse anti-Map2 AP-20 EMD Millipore MAB3418 
rabbit anti-AnkG H-215 Santa Cruz Biotech Sc-28561 
mouse anti-AnkG 463 Santa Cruz Biotech Sc-12719 
mouse anti-bIV-spectrin Neuromabs N393/76 
guinea pig Hb9 Gift from Thomas M. 
Jessell (Columbia U.) 
N/A 
mouse anti-tau-1 PC1C6 EMD Millipore MAB3420 
mouse anti-FLAG M2 Sigma-Aldrich F3165 
goat anti-Oct4 Abcam ab27985 
rabbit anti-GAPDH FL-335 Santa Cruz Biotech Sc-25778 
Alexa Fluor 647 goat anti-mouse Life Technologies A21236 
Alexa Fluor 555 goat anti-guinea pig Life Technologies A21435 
custom-labeled Alexa Fluor 488 donkey anti-guinea pig Jackson ImmunoResearch N/A 
Alexa 488-conjugated, Cy3-conjugated and Cy5-
conjugated donkey secondary antibodies 
Life Technologies - 
HA-Tag (6E2) Mouse mAb (HRP Conjugate) Cell Signaling Technology #2999 
Monoclonal ANTI-FLAG® M2-Peroxidase (HRP) 
antibody produced in mouse 
Sigma-Aldrich A8592 
 
Table S8: Software and algorithms 
Name/purpose Reference Link 
AIS quantification algorithm 
(Matlab)  
(Grubb and Burrone, 2010) (ais_z3.m) 
http://grubblab.org/resources/ 
Fiji (Schindelin et al., 2012) https://fiji.sc/ 
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APPENDIX: ALTERNATIVE SPLICING OF KAP3 DOES NOT AFFECT AIS 
ASSEMBLY 
Introduction 
Which alternative splicing events deregulated in Rbfox tKO neurons might 
contribute to the AIS assembly defect? A search of genes related to AIS assembly with 
deregulated alternative splicing in Rbfox tKO neurons identified Kifap3 (Kap3) as one of 
the candidates.  
Kap3 (kinesin-associated protein 3) is an adaptor protein of Kif3a/Kif3b 
heterodimer kinesin complex and it was shown to mediate binding of the complex to its 
cargo (Hirokawa et al. 2009). In relation to AIS, Kif3a/Kif3b/Kap3 (kinesin 2) complex 
was co-immunoprecipitated with αII-spectrin and AnkB and it is thought to mediate their 
anterograde transport in axon, allowing accumulation of AnkG in the proximal axon 
(Galiano et al. 2012). This model of AnkG localization was not thoroughly examined yet 
but if true, alteration of Kap3 function action might explain the defect in AnkG 
localization in Rbfox tKO motor neurons.  
Results  
The Kifap3 candidate cassette exon is located towards the 3’ end of the gene and 
its inclusion is predicted to result in alternative C-terminus of the protein (Fig.X1-1A 
bottom). The inclusion of the exon is low in immature neurons but it progressively 
increases with maturation (Fig.X1-1A top). Rbfox tKO neurons display significantly 
decreased inclusion of the alternative exon on both D5 and D10, with levels similar to the 
immature D1 WT neurons. Rbfox HITS-CLIP analysis of D10 WT neurons identified 
strong Rbfox binding to the canonical Rbfox-binding motifs in a downstream intron. 
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Immunostaining analysis of WT and Rbfox tKO motor neurons using Kap3 specific 
antibody revealed no apparent difference in Kap3 expression or localization (Fig. X1-
1B).  
 
Figure X1-1. Kifap3 (Kap3) expression in WT and Rbfox tKO neurons. (A) UCSC 
Genome Browser view of Kifap3 locus encoding the Rbfox-regulated alternative exon. 
The red arrowhead indicates the alternative exon. RNA-seq data generated from in vitro 
matured ventral spinal neurons are shown in different colors. HITS-CLIP data from D10 
WT neurons for Rbfox1, Rbfox2 and Rbfox3 were pooled in Rbfox CLIP pooled track. 
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The Rbfox (U)GCAUG binding motifs are indicated by the black lines. The sequence of 
the alterantive exons is shown at the bottom. (B) Immunostaining analysis of Kap3 in 
WT and tKO motor neurons on D5. 
 
I decided to test the importance of the alternative exon for AIS assembly by 
deleting it in WT mESC cells using CRISPR/Cas9 genome engineering, which would 
simulate constitutive exclusion of the exon - a splicing pattern similar to the one found in 
the immature neurons. The deletion was performed using a pair of gRNAs adjacent to the 
exon (Fig.X1-2A). The genotype was confirmed by PCR (Fig.X1-2B) and Sanger 
sequencing. Deletion of the alternative exon resulted in no apparent change in Kap3 
expression or localization (Fig.X1-2C). AIS analysis using AnkG immunostaining did not 
find significant defect in AnkG clustering (Fig.X1-2D, E). 
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Figure X1-2. Establishment and characterization of Kifap3 exon deletion cell line. 
(A) UCSC Genome Browser view of the candidate Kifap3 alternative exon. Potential 
gRNA recognition sites for CRISPR/Cas9 genome engineering are indicated in red or 
blue depending on the strand orientation. The red V symbols mark the cleavage sites used 
for deletion of the exon. (B) PCR genotyping of clones with Kifap3 exon deletion. (C) 
Immunostaining analysis of Kap3 localization in WT and Kifap3 exon deletion (exdel) 
motor neuron on D5. (D) Representative images of motor neurons from the AIS analysis. 
(E) Quantification of AnkG immunostaining length in motor neurons on D5.  
 
Discussion 
The Kifap3 alternative cassette exon was prioritized as one of the Rbfox-regulated 
candidate exons whose deregulation might explain the AIS assembly perturbation in 
Rbfox tKO motor neurons. Here, I tested whether deletion of the exon leading to 
immature isoform expression profile of Kifap3 would recapitulate the AIS phenotype. I 
found no evidence of AIS perturbation.  
In the light of the results presented in Chapter 4 and Chapter 5, that demonstrated 
the Ank3 cassette exon is critical for AIS assembly, it seems unlikely that the Kifap3 
cassette exon contributes to the AIS phenotype. However, it cannot be formally excluded 
that deregulation of Kifap3 alternative splicing affects some aspects of AIS function not 
examined here.  
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Finally, the Kifap3 exon deletion (exdel) cell line will be useful for examining the 
roles of Kifap3 alternative splicing in mature neuronal function not related to AIS.  
Antibodies and Oligonucleotides  
Antibodies 
Name/antigen Source Identifier 
rabbit anti-KIFAP3/KAP3 (aa683-732)   LSBio LS-C111609 
Anti-Kifap3 dilution 1:150 for ICC.  
Oligonucleotides 
	
(see the main text for additional materials and methods) 
 
gExdel_Kap3F1 Kifap3 gRNA cloning TTTCTTGGCTTTATATATCTTGTGGAAAGGACGA
AACACCGCATGGTCGTTATCGCACTA
gExdel_Kap3R1 Kifap3 gRNA cloning GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCT
AAAACTAGTGCGATAACGACCATGC
gExdel_Kap3F2 Kifap3 gRNA cloning TTTCTTGGCTTTATATATCTTGTGGAAAGGACGA
AACACCGCACCCAGGTTCCGGGCCAC
gExdel_Kap3R2 Kifap3 gRNA cloning GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCT
AAAACGTGGCCCGGAACCTGGGTGC
T_exdel_Kap3_F Kifap3 deletion genotyping CAGATCTTGGAGCCTATGAGCT
T_exdel_Kap3_R Kifap3 deletion genotyping GTGACGCTGGACATGCAGCATA
Deletion of Kifap3candidate alternative exon
